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DESiaN CONSIDSHATIONS FOR A SSNSITIVS PROPULSION 
DYNAKOMEIER FOR SMALL SHIP KODEI^ 

by 

LT, HAROLD ARTHUR MOOHE, USH, and LT. ANDERS TIMM ANDERSON, USN 

Subnltted to the Department of !iaval Architecture and ^rine 
Engineering on May 21, 19^5* in partial fulflllBient of the 
requlz^emenis for the lister of Science Degree in Naval 
Architecture and Marine Engineering and the Pz*ofeaslonal 
degre®# Naval Engineer, 

ABSTRACT 



The objectives of this thesis are to clearly define the 
problem of developing a dynamometer eultable for use in a 
small self-propelled ship model at the M,I,T* Towing Tank 
Facility* to explore the theories for the solution of the 
instrumentation problem and conduct the necessary prelimin- 
ary design of promising methods, and to present design 
considerations for the detailed design, construction, and 
experimental phases of the problem. 

The objectives are aocc^plished by detensining the mag- 
nitudes of torque, thrust, shaft rotational velocity, and 
ship ii«)dcl velocity to be measured, by analysing the antici- 
pated disturbances, and by synthesizing and critically 
evaluating the measurement system components, 

A design procedure for the stern tub® bearing and 
shafting system is developed which produces constant torque 
losses. It is found that techniques at or near the state of 
the art smst be employed to effect measui»ement of the desired 
alternating forces. Photoelectric, electron tube, piezoelectric, 
and variable capacitance transducer tcchnlquea standout as the 
most promising methods of measurement. 

On the basis of practicality, it is recesnmended tliat a 
sensitive propulsion dynamometer capable of measuring only 
the mean values of torque and thrust be successfully developed 
before consideration be given to the development of a 
dynamometer capable of measuring the alternating forces. 

^esls Supervisors Martin A, Abkowitz 
Titles Professor of l^val Architectsire 
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I. INTRODUCTION 



A. Motivation for Study 

A dynamometer is an Instrument for measuring force 
or power. A "sensitive propulsion dynamometer," for 
purposes of this thesis, is defined as a dynamometer 
capable of measuring the dynamic values of forces devel- 
oped by the rotating propeller of a "small ship model" 
propulsion system. Specifically, these measurements 
are the dynamic values of torque, thrust, shaft rota- 
tional velocity, and ship model velocity. 

Tlie Massachusetts Institute of Technology Tovfing 
Tank facility does not presently include a propulsion 
dynamometer; therefore, the development and construction 
of a suitable dynamometer is desired. The size of the 
towing tank limits models used to a maximum length of 
five or six feet. The "small ship model," therefore, is 
defined for purposes of this thesis as a five or six foot 
scale model of a full-sized, single-screw surface ship. 

The uses of the desired measurements may be placed 
under three general headings — self -propuls ion tests, 
evaluation of alternating force theory, and ship vibration 



studies. 
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S«lf -propulsion tests are conducted, using a model 
with kiiown bare-hull resistance and developing thrust 
with a propeller of known characteristics, in order to 
determine the wake and hull interaction eharacterlstics 
of the model. For these testa the mean values of torque, 
thrust, and shaft rotational velocity are required, A 
self-propulsion test would enable additional student 
participation in towing tank experiments and would pro- 
vide the means for further investigation of scale effects 
in Binall, self-pi»opelled models (1,2,3)* 

Several theories predicting alternating propeller 
forces have been developed and are discussed in references 
ik) and (5)« The measurer^nt of the instantaneous values 
of these forces will pemit correlation between theoretical 
predictions and cxperiaaental data. 

•Hie propeller induced forces measured by the dynamo- 
meter are the driving functions required for solution of 
tho ship and shaft equations of Bsotlon, Studies of ship 
and shaft vibrations laada possible by the solution to 
these equations enable devolopment of Improved design 
of shipboard equipment and structures such as bearings 
and 2 *otating components, 

B, Background 

1« Development trends - large ship models. 

Through the years continuing progi’ajns of design and 
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development of propeller dyriamometer Inetrussentatlon have 
heeiTi conducted at prominent model basin facilities through- 
out the world. Representative of these programe is the 
one which has been conducted at the United States Navy’s 
David Taylor Model Basin (6). Here the Instrumentation 
has been applied to models usually of twenty feet or of 
at least ton feet In length. The forces to be measured 
are more than thirty times those developed in the small 
ship model. As each new design evolved from the program 
great advances were laade in overcoraing the difficulties 
of obtaining a proper frequency i*esponse, a high elgnal- 
to-nolse ratio, and a proper method of dynamic calibration. 
The latest of these designs has been very successful. Tne 
develos;m;ent of a pro -calibrated alternating force calibra- 
tion, along with instrumentation which uses semi-conductor 
strain gage bridges practically on the propeller itself 
and amplification on the shaft prior to removal by slip 
rings, has been responsible for this success. This dyna- 
mometer is compact, versatile, and capable of measuring 
the six coBiponents of the propeller alternatlrig forces (7). 
The DTMB repoz*t describlsig this dynamometer has not yet 
been published. A discussion of the applicability of these 
methods to the snjall ship model will be given in later 
sections of this thesis. 
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Historical dftvelopnont - srall ship rodels. 

Several attempts at da»i|;ning and testins a dyna- 
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jftomater for measurins the ’soan and/or altor/mttnir values of 
torque and thrust developed by arnall ship mdela have 
been rads as thesis projects at H.I.T. (3 9-10,11,12). 

Tlie schemes of four of these projects c^&lt principally 
with the use of strain cages for torque senslrvs and a 
differential transformr for thrust jaeasurcr^nts. *ISite»e 
devices converted physical strains and displacements into 
electrical signals t'Thlch were removed from the sliaft by 
a slip ring assembly. most significant result of 

the four p3?ojects was a distinct, althougii still inade- 
quate, progress in tho dovalopajant of slip rings. Develop- 
ment progressed froia a copper ring and relay contact brush 
assembly (8) to a simply constructed mercury pool slip 
ring construction (11). Ho satis factorj' results, however, 
were obtained in the testi’^ig of these schemes. Ihe system 
natural frequencies were too low for an undlatorted detec- 
tion of the alternating forces | and the signs i-to-noise 
ratios were too low for a distinguishable output* Ihe most 
apparent reason for the failure was the authors* failure to ade- 
quately analyze tho details of the problem with which they 
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wtrre faced. Whether th® goal was to laeasurs the alternating 
forces or only the wean values, a proper analysis of tho 
forces themselves , the sensitivities and devices required 
for detection, and the tolerances for construction would 
have enabled «€»ne of tho failures to be predicted rather 
tlian revealed through trial and error. 

Tho frequency requirosonts for laeasurej .©nt of the 
alternating forces wcr© recognised in the fifth of these 
tixeses (12) , and considerable emphasis was placed on the 
frequency i*esponse in defining the problem. Having treated 
this aspect, the authors directed their efforts to the solu- 
tion of the instruisentation problem through construction and 
testing of a suggested device. The variable reluctance princi- 
ple was used to detect thrust actuated variations In a 
small air gap. Although the application of the principle 
as an instruRientation technique was pzNSsent^d vex'y well, 
the sensitivity and resolution requli’ed to effect the 
desired jr^sasurements wore not evaluated. Construction 
difficulties prevented complete testing. Had complete 
test results been obtained, perhaps the i'^squlred i’esolu- 
tion raight also have been obtained as an extra bonus. But, 
as In tho other theses, a nor© detailed analysis of the 
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problem olsht also have enabled prediction of soine of 
the failures. 

C. Objectives 

Instrumentation ©ngineering x*equires proper developments 
of the theory, preliminary design, detailed design, con- 
struction, and experimentation of the systems that produce 
functional relationships among physical quantities. Ori- 
glrmlly, the authors of this thesis expected to embark on 
a program of design, construction and experimentation similar 
to those already conducted. A careful study of the past 
theses, however, indicated that greater csrphasis was required 
in the development of the theory and preliminary design. 

This development, along with sufficient economic backing to 
ensure prosper construction and availability of required 
equipment, is necessary to ensure successful construction 
and experimentation. Therefore, the authors established 
the following new objectives j 

1) To clearly define ti>e problem of developing 
a dynamometer suitable for use in a small 
self-propelled ship model at the M.I.T, Towing 
Tank Facility. 

£) To explore the theories for the solution of the 
instmenentation problem and conduct the 
n©cessai*y preliminary design of promising 
methods. 
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3) 1*0 pxamnt desigii consldemtloma foi* the 

detailed design, construction, and ejcjp©rl~ 

Riental phases of th« px*obleia. 

I>, {Jenoiml Oj^nlzatlon 

*T5fils thesis is or-jis^lsed irsfeo four mjor siiictJons. 

Krethod by «hich the thesis objectives irin 'o® ucoos:- 
pushed is presented in the Procedure section* l^e 
•aeasiam^ent syates*.* with its Inputs and output, is analysed 
in the Analysis section* Analysis Is fwllo^ed by the 

Conclusions and HecooK^endatlons. 



II* FitOCEDURS 



h, Arijalyfcical 

objective* of thi* theel* will be aeccaBspllaheci 
by the foilowlrj® atmlytleal procediure : 

1* Analyse the prlmsry or 4e»lr«4 force*, i.©* 
dietamine the mgnltude* of tor(|ue, thrust, 
shaft rotational velocity, an<l ship fiio4el 
velocity* 

2* Analyze the anticipated disturbances* 

3* Synthesize and critically evaluate the 
sieasuresisnt systexi components, presentins 
design considerations for each* 

5^1* procedure requires the for^aulation of an analytical 



model* 

B* Analytical Itodel 




Mcasurssserit System 
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I • Inputs 

Bmneh (T) - D«sii*«id Inputs to the ai«asui*e*6ien.t eyeteia 

axial propeller thrust, pwpeiier torque, pro- 
peller shaft rotational velocity, ar4 ship niodel 
velocity. 

Undeslrahlo inputs, referred to as disturbances 
or noise, are all other forces and effects that 
enter the B^asuren^nt systoss and are capable of 
raaskins or alxiisg ^vlth the desired input. 

Branch (2) - Noises which can enter the ssmeuremnt system 
in the saise nsanner as the desired inputs are 
bearing forces, priB^e mover rjoise, disturbances 
actins on the propeller, and forces created by 
the lacasurcmcnt systeia Itself, 

Branch - Noise can ulx with the desired inputs in 

the various elements or components of the mea- 
surement systesw Examples of these noises arc* 
epurioiui signals insulting frois electrical para- 
meter variations due to temperature or hui.-.ldlty 
change®, sllprlns noise, electrical and rngnetic 
field influences, eomponent distortion due to 
centrifugal force, and power supply variations. 
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2* Kea»urein®nt Sy»t«» 

The oeasurejaent eysteis can be d«fJLn®<3 a* that systeK 
which detect® the physical qiiantlfclea arid ccnverta thosi 
to a suitable output data 5he arislytical mdol of 

the meaeurement aystesi choecn is that of the Aaierlcan 
Standards Association (13) and is described as follows: 




a* Actuating device - that <^vio« or Kieclmnlsai that converts 
torque and thi?ust into the aseasurable qiamtitles strain, 
displacersent , velocity, or acceleration. Types of 
actuating devices considered are: bellows, diaphmgsss, 

simft 3 ?otatlons, rectilinear laotlom, proving rings, 
cantilever beassiS, seisaic mss and sprinss. 
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TjmRsdiucei* - the element that converts the meseurmble 
quantity to a Typo* of transtiuccr elccftents 

considered are self -generating analO;5» variable para- 
saeter armlog, frequency or pulse generatirig, and 
digital, 

c. Signal conditioRC3?s - those devices timt condition 
the ti«nsducer output signal and prepax^ it for 
actuating th® readout device* lypes of signal con- 
dttioru&rs considered are input modification devices, 
instrumentation amplifiers, and signal r^aoval ciethods* 
d# Readout - those devices that accept the conditioned 
signals and present them in a suitable output data 
for®, l^ypes of readout devices considered arc analog 
or digital Indicators and recorders, 

3* Output 

Output data can b® as’'alyEed in nany mya. *Sh» input 
char^cterlatlca and data asialysls technique® used largely 
determine thC' desired form of this data. Output data, can 
be in the fora of visual display, strip charts,, tape 
recordings, punched paper tape, and punch cards* 
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III. ANALYSIS 



A . General 

The development of a dynamometer as an instrument 
involves a compromise of four fundamental qualities; 
efficiency, scale range, sensitivity, and accuracy (11^.). 

Hie efficiency of an instrument is a measure of the amount 
of disturbance which it introduces into the system. The 
scale range is the difference between the largest and the 
smallest possible readings. The sensitivity is the slope 
of the instrument calibration curve, that is, the ratio of 
the change in measured output to a given change in input. 
The accuracy is the maximum error — the difference between 
the indicated quantity and the true qtumtity. If desired 
as a percentage, accuracy can be expressed in two ways; 



"^indicated” ^true 



max 




X 100 o/o 



"^indicated” ^true 



max 



^full scale 



X 100 o/o , 



where Q represents the quantity of interest and full scale 
pertains to the maximum anticipated amplitude of the quantity 
of interest. If this expression for accuracy is applied to 
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a nteter device , then the icaxtoum assplitudo is the taaxlisura 
sTCter* deflection. Resolution, a ter« often used in conlunc* 
tion with accuracy, Ic the degree to which nearly equal %'alue» 
of a given quantity can be discrlralnated. The higher the 
value of x»e80lution stated, the /r,ore minute Is the discernible 
difference between values. 

The above qualities can be applied to the neasurement 
system as a whole, or to the oyste?!:. cosrponents individually. 
Since the qijalltles of the components determine the quality 
of the system, they will be considered in the analysis of 
the individual components. 

As described in the Procedure section, the rseasurCMent 
system is composed of tho transducer section, the signal 
conditioning section, and the readout section. The analyses 
of the Inputs to this systeiG, the system Itself, and Its 
output follow, 

B. Inpuits 

1 , Discussion 

There are three general categories of forces — 
static, transient, and dynardc. Static forces are steady 
and not subject to rapid fluctuations or discontinuities. 
Transient forces result from a change in operating conditions, 
such as speed changer, or rudder angle clianges, and last ortly 
a short period of time. Dynamic forces are continuous and 
either periodic or random in nature. 
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V/hen a propeller Is operated in an unsynimetrlcal 
wake behind a ship, each blade experiences periodic wake 
variations v/hich induce periodic forces in the propeller 
shafting system. These periodic forces appear at fre- 
quencies related to the multiples of shaft rotational 
frequency. In addition to these periodic forces, random 
forces are produced by the turbulence in the flow around 
the propeller. Thus, the desired propeller- induced forces 
are dynamic in nature and neither transient nor static. 

The dynamometer, therefore, is to be designed for measurement 
of dynamic forces. 

In order to enable the authors to proceed through the 
analysis with specific input values , only the forces induced 
by the wake variations of such ship models as the Mariner 
Class and Series 60 will be discussed. These models are 
typical and currently available for use in the M.I.T. 
towing tank. 

2. Desired qiiantlties 
a. Torque and Thrust 

The forces induced in the shafting system by a propeller 
operating in an unsymmetrlcal wake result in axial thrust, 
torque, and shaft bending moments. In this thesis, only the 
axial thrust and shaft torque are considered to be desired 
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inputs to the measureBsont systen* In addition, ship rsodel 
velocity and shaft rotational velocity aro required for 
calculation of effective horsepower and shaft horsepower 
respectively. 

I^ble I presents the anticipated mnge of ©ean values 
of the desired forces and velocities of th® small inerchant-* 
type models to be tested. Ihe cosEputatlons for the tabulated 
value* are given in Appendix A. 



Tabl e I 

Anticipated Range of Force# and Velocities of 
Siriall Kerchant«type Models 
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Mariner 


21 
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Series 
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7.4 


60 


22 


2.01 


1.75 


0.2D3 


1130 


18.8 


Tai^ker 


10.9 


0.992 


— 


0.101 


— 


— 


18.5 


1.663 


— 


0.3-15 




— 



•FT? .w .i - ' c 

■ t) fc# 1*0 * ®< 4! t)0 ,tO« rf **..’ -*0 A 

(i\ii«s»» If. i^ 4'- . . » /l-vuje*:!* 1- «w - 

> — 'L *.. «. ^'i'. »»!■•( ^ .4r-. t 

nr 

. J • - • c " To - ’. J £<«riJ|f^ dip Id 

»*. f •! « ». *jaw"AlG'f 4i»iPft«# •j -> iqp|^ 

• *iAift9^v ««TlA **i. iif^ 



I 




t V i'-« %• S^# o ^ 

• i*ry^ • ♦- fJ«®S 




The following specific values, are baaed on the Informtlon 
preoented in Table I and were selected for the design, analy- 
sis of the dynamoraeter aa the full scale nsean values for the 
highest velocity test run: 

full scale nean torque (highest velocity of Intei^st) 

« 2.30 in.-oz. 

full scale Hiean thrust (highest velocity of interest) 

0.32 lb. 

The full scale rr;ean values for the test I’un conducted at tho 
lowest velocity of interest, 655 ^ of the highest velocity, 
were appropriately scaled fi*oni the values above and arc as 
follows : 

full scale r.ean torque (lowest velocity of interest) 

0.970 in.-oz. 

full scale jsean thrust (lowest velocity of interest) 

0.139 lb. 

The s.rallest values of the periodic, propeller-induced 
torciue and thrust ®uat be de to rained before the Instrument 
scale x^nge and the resolution inquired for their measurement 
can bo established. Tho magnitudes of the torque and thrust 
variations are functions of four factors* 
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1) shape of the afterbody. 

2) The clearance between the propeller and 
and the screw aperture* 

3) The nuuiber of blades and the hydrodynamic 
properties of the propeller blades, 

ji) Ihe ship operating conditions. 

A discussion of some of these factors and a method for 
estljratlng the nagnitudee of the torque and thrust variations 
are presented In Appendix A. The follovrlng specific values 
are based on the laethod presented and represent the smallest 
variation amplitude of interest, that is, the variation arnpll 
tude for the teat trial conducted at the lowest velocity of 
interest: 

smallest amplitude of torque variations 

O.OOii. X 2.30 in.--oz.= 0.0092 in.-oz. 

smallest amplitude of thrust variationo 

« 0.01 X 0.32 lb. - 0.0032 lb. 

The David Taylor Ifedel Basin stated in reference (6) 
that their design goal for accuracy is 0.25 0/0 of the full 
scale of Interest, To adopt this accuracy as a standard for 
design of the dynamoineter under consideration, means that the 
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jPollowing valueJB repx'^aent the KaxlK;iF3 tolerable error: 



^Indicated 



Q 



true 



sums 



^full scale of interest ^ 

— ^ 



and 



« 0.0092 In. -os, x 0,0025 

K 0,000023 In. -OS, of torque 

« 0,00321b. r. 0.002s 



0,0000080 lb. of thrust 

These values of jtaxijniim tolerable en*or. therefoia, establish 
the lowest acceptable resolution which is coujpatible with the 
desired accuracy; the dymn;o.fieter should at least be capable 
of disc rljiiina ting between values separated by these magnitudes. 
Such resolution may be stated as being one part in four hundred 
based on the full scale of Interest. 

The gravity dyna?aoi^ter currently used at the M. I.T, 

Towing Tank for Si®a8urir4g the bare-hull resistance of srsali 
ship C50dels is accui^te to 0,0001 lb, (15)* Since the gravity 
dynaiBometer will be used in conjunction with the propulsion 
dynamometer for self-propulsion tests, the accuracies of the 
two jseasurenents shoiJld bo coispatlble. The full scale mean 
values for the lowest velocity of interest are the values of 
interest for comparison. The maximum tolerable error, if the 
dymmorseter was designed only for mean value measurersents 
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at the adopted standard of accuracy, would bo as follows: 



Thus the accuracies for the thrust neasuremnts are not coc'.- 
patiblo. Because the propulsion dyiiaicometer is being designed 
to measure both the variations and the aean, however, the 
corparison of 0.0001 lb. to 0.000008 lb, of thrust shows the 
design accuracy of the propulsion dynawoasetar to be wore 
than sufficient. 

It is recognized that, in order to attain the accuracy 
adopted as a standard for design, the raxiMutn tolerable error 
values ai»e very small. Anticipating the requirement for a 
possible relaxation of the accuracy standard, the maxlisnaa 
tolerable errors for compromise accuracies have been computed 
and are plotted in Pigure 1. 

Knowledge of the rango of frequencies of interest for 
the torque and thrust variations is as Impoi^tant to the 
analysis of the measureaicnt system as th*i information regai?ding 
the magnitudes. Ihe range of frequencies of interest is shown 



and 



^indicated “ ^true 



r?six 



» ln»-oz, X 0,0025 

=» 0.0024.3 In. -os. of torque 

* 0.135 lb. X 0.0025 
-- 0. 00034- lb. of thrust. 
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Figure 1, Relationship Between Accuracy and Maximxim 
Tolerable Error in the Measurement of Torque and Thrust 
Variations. 
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In Appendix A to extend from the shaft rate (RPS) to the 
second hanconlc of the blade rate for a five-bladed pro- 
peller (2x5 RPS). Based on the highest 1*1111 scale shaft 
rotational velocity, the highest frequency of interest Is: 

2 X 5 X 20 RPS *= 200 cycles per second 

b. Velocities 

Since the constant velocities, both i*otatlonal and 
linear, are required for the tests to be conducted using 
the propulsion dynamometer, the accuracy required for their 
measureoent is dependent upon the capability of the driving 
device to provide the constant velocity. Linear velocity 
can presently be measured at the M.I.T, Towing Tank to an 
accuracy of 0.001 knot (15)* The accuracy required for 
the shaft rotational velocity is determined by the frequency 
of velocity Input necessary for successful opemtion of a 
constant speed control device for the prime mover, 

c, Sumniary 

The full scale values of interest for torque, thrust, 
shaft rotational velocity, and E?od@l velocity are sutamarized 
in Table II for the lowest and highest test velocities of 
interest. 
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Table II 



Selected Input Forces, Velocities, and 
Frequencies for Measurement System Analysis 



Percentage of Pull Speed 


65 0/0 


100 0/0 


Model velocity (kts.) 


1.3 


2.0 


Mean values 


Torque (ln.*oz.) 
Thrust (lb.) 


0.970 

0.135 


2.30 

0.32 


Smallest variation 
amplitude of interest 
( 2 ^"^ hamonlc , 

5 bladed propeller) 


Torque (in, -oz.) 
Thrust (lb. ) 


0.0092 

0.0032 


0,016 

0.0053 


Shaft rotational velocity (RPM/RPS) 


780/13 


1200/20 


ilighcBt fi*equsncy 
of Intsi^ot (cps) 


3 blades 2 nd harreonic 
4 . blades 1 st harmonic 
5 blades 2 nd harmonic 


78 

52 

130 


120 

30 

200 



3 . Disturbances or Noise 

The description, analysis, and means of suppression of 
those disturbances which enter the measurenient system In the 
same manner as the desired inputs will be presented in this 
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section* The disturbances which can mix with the desired 
inputs in the various elesaents of the raeaoureraant system 
will be discussed individually when they affect the indivi- 
dual components. 

In order for disturbances to enter the measurement system 
in the same manner as the desired inputs, they laust be either 
originated on the shaft or imparted to the shaft. The dis- 
turbances which originate on the shaft may be initiated by 
field force disturbances within the measureiaent system itself 
or by the axial component of the gravity force on the shafting 
system. Disturbances which arc imparted to the s^iaft ray be 
transmitted through the propeller, the prime isover, and the 
bearli^s. 

a* Propeller 

In addition to the propeller- induced forces px'oducing 
torque and thrust, four other components arc present — the 
horizontal and vertical tratisverse forces and the horizontal 
and vertical bending moments. These four components repre- 
sent unwanted quantities to the measurement system, but, since 
they act in directions which are different from those of the 
desired quantities, th® measurement system can be designed to 
neglect them. Ihese components will., however, affect the 
loadings in the stern tube bearing where they my be trans- 
mitted back to the shaft as components in the desired 
directions* 
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Force variations In the desired directions are also 
Induced by flexure notions excited when forces are applied 
to the shaft. 'Ihese additional thrust and torque varia- 
tions are tertned propeller added Rjass and daaping, and 
result frow a certain araount of axial and rotational 
displacement of the propeller. In order to eliminate 
the added laass and daiisping, and thereby limit the pro- 
peller response to only the excitation forces desired, the 
shaft spring constant must be high. Unwanted wave distur- 
bances also nay be transmitted to the shaft through the 
propeller, but the cliriinatlon of these disturbances is a 
problem of creating the desli’ed tank conditions prior to 
testing. 

b. PriHJo mover 

Disturbances generated by the prime j-ov«r nay be 
either irsparted directly to the shaft or transmitted via 
the structure bonie path — pi^ime mover foundation, hull, 
bearirig, shaft. An electric motor is best suited for the 
prime mover in the smli ship models and the imgnetic 
forces, acting across the air gap of an electric motor, arc 
a major source of disturbances. These forces are pulsating 
due to variations in the magnetic path as the rotor rotates 
and the electric load c«ri’*ents change, tihese pulsations 
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then act up vibratlona in the shaft and foundation. Other 
forces originating in the urngnetlc structure such as raag- 
notostriction, eddy cxirrenta, and hysteresis aro not 
significant factors (l6). 

The goal of this thesis requires that prii^e mover 
disturbances be eliminated. Tiie shaft vibratioiis due to 
the Bsagnetic forces can be damped by a suitable shaft 
flyisheel and flexible coupling arranger.ent placed between 
the prime mover and the moasxsroiaent system. The vibration 
path ttirough the structure can be blocked by appropriate 
isolation mounting of the motor foundation. In addition 
to isolation methods, proper selection of the number of 
poles arxd field excitation frequency can place the motor 
disturbance frequencies outside the freqxxency range of 
interest for the desired qtiantltles. 

c . Bearings 

The bearings align and support the shaft between the 
prlEiS mover and the propeller. The disturbances transmitted 
to the shaft are caused by the friction which opposes the 
turning of the shaft in th® bearing. Tli© value of the 
friction depends on the method of lubrication, the lubri- 
cant, its tempera bur®, the volocity of rotation, and the 
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intensity of pressure on the bearing. The intensity 
of pressure varies with the relative motion between 
the shaft system and the bearings , regardless of its 
origin. These motions can be produced by shaft system 
and hull vibrations, shaft misalignment, and shaft 
loading. 

Proper bearing selection is the first step to 
suppression of bearing noise. The design and application 
of bearings in low noise equipment have been studied 
extensively (l6), and as a result of these studies, the 
follov/lng comparisons between ball bearings and sleeve 
bearings can be made: 

l) Irregularities in the bearing balls and 
races and internal end play in the bearings 
themselves are sources of noise in ball 
bearings. Closely controlled manufacture 
of ball bearings, however, results in uni- 
formity in performance and permits the main- 
tenance of air gap concentricity in motors 
and instrumentation throughout the life of 
the bearing. Considerable study of the 
internal geometry of ball bearings has 
resulted in their availability under specifications 
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which have very low noise levels. Other 
factors which affect the noise level of 
the ball bearings as installed in the 
equipment ax^ the arflount of axial pre- 
loading, the allgkment on the shaft, 
and the type and cleanliness of the 
lubricant. 

2) Sleeve bearings are inherently quieter 
than ball bearings but there are also cer- 
tain disadvantages in their application. 
Sleeve bearings require a radial clearance 
which Increases with wear. Ihls wear ray 
result In eccentric air gaps in rotors and 
instrumentation thereby creating imbalanced 
itagnetic forces. The lubrication systes! used 
for the sleeve bearings can also be a source 
of noise. 

3) specific aspects of itjotor atructur-ebome 
noise were also investigated. A rector which 
could use either sleeve bearings or ball 
bearings was tented extensively and It was 
found that the overall noise levels from 
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either the ball or sleeve bearings were 
about the sanse. The overall levels for 
the sleeve bearings, however, were nad© 
up primarily of lower frequency vibra- 
tion® and those for the ball bearings 
wei^ made up primarily of higher fre- 
quency vibrations. All factors considered, 
the ball bearings were preferable to sleeve 
bearings for use In motors. 

In selecting bearings for the small ship model , 
several points must be considered. Wear is not a 
problem since testing time v?ill be short and bearing 
loadings will be light. The presence of v;ater at the 
stern tube creates a problem for ball bearing lubrica- 
tion but provides a natural lubricant for a sleeve 
bearing. Model stern tube structure favors the incor- 
poration of a sleeve bearing with a shaft seal con- 
figuration. Several possible instrumentation conriguratlons 
favor the use of ball bearings in the shaft and motor. 

After considering these points, the authors decided to 
analyse a shaft-bearing configuration consisting of a 
sleeve type stem tub® bearing and ball type eliaft and 
motor bearings. 
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In genQ 2 *al, past sra.Il ship isodol Investisatlons 
(8,9il0,ll,12) wer® limited either by the essumption that 
torque losses thax»ugh the stem tube tearing %v*ere of the 
same order of magnitude as the torque to be measured, 
thereby requiring placement of the sensing elements 
between the bearing and the propeller; or by conclusions 
drawn from calculations which showed th® torque loss to 
be negligible compared to tiie full load torque, thereby 
allowing placement of th© sensing elements Inside the 
model just forward of the stern tube bearing. Neither 
of these choices properly describes the difficulties 
which the bearing Imposea on th© problem of effecting 
the desired measurements. Regardless of the placement 
of the sensing elerrients, forward or aft of the stern 
tube bearing, it is the variations in torque loss that 
will affect the measureraent of the desired alternating 
torque. The torque loss variations must bo shewn to be 
negligible compared to the alternations t© be measured. 

A constant torque less can be removed by prox>er dynamic 
calibration of the dynamorseter. 

Whereas everj?- offex’t should be made to eliminate 
the motions which cause torque loss variations, it is 
iispossible to remove them completely. A procedure for 
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design of the stera tube bearing and shaft for the small 
ship model has been developed using journal bearing analy- 
sis and design techniques (1?) for a bearing length to 
shaft diameter ratio of ono» This design procedure is 
presented In Appendix B and shows that a bearing can be 
designed for which the torque loss Is constant over the 
oporatlng rang© of the sinall ship model. 

In regard to the installation of shaft and motor 
bearings , it Is anticipated that certain instrui^entation 
configurations and a possible slip ring installation might 
cause the slightest radial and axial play in the bearings to 
be intolerable. So-called ”preload®d bearings are used 
for such applications ; but even these bearings^ designed 
at th® present state of the art, develop radial and axial 
play from wear and eccentricities. The discrete frequencies 
of bail bearing disturbances are in th© frequency range of 
Interest for measureiaent of the desired quantities. When 
sliaft and bearing sisos are selected, the exact frequencies 
can bo detenriined froiti information given in reference (l8). 

Information concerning the amount of play which might 
bo expected in bearings applied to the snail ship model was 
collected from the H.I.T. Instrumentation Laboratory. It 
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was Xtarnsd ttiat axial play In boarings dosigned especially 
for use in missile guidance gyros lias a acasuixtd value In 
the vicinity of two to ten r.:icroirichss (19) « Radial play 
is expoeted to be approxlrciataly of the eaite Liagnitude . 

Work is presently in progress at the Laboratoz^ to measure 
the actual play in a newer bearing design; values In the 
vicinity of one-fifth of a raici’oinch for radial play and 
one-tonth of a microinch for axial play are expected. 
Altliough the actual cost infvi^rjaation for such precision 
bcjarlngs was not available, it is suspect^'d that if these 
beariiiga v?ere required for th-i srrtall ship model, the cost 
would bo prohibitive. 



After the nhaftirig system is installed in the ship 
aiodcl some unbalanceo my still exist which cause excess- 
ive bearing loadings. An Interest lag m:jt’io4 of continuous 
balancing of rotating parts Is mentioned in reference (20) 
and is a sohowa vdiich could Ui to the mmll ship 

i.kKiel If weight coacidbivitiano will per.dt. The scheno 
consists of three ste^i tollv placed incXds and free to 
circu3,ate wlthici a circular which is nb;-.:inally con- 
ccntx’lc witli tiio rotating : hfoer to be bulancod. >fnen 
dr Ivan at high spaadh, the balls quickly nssumo positions 



such t!iat their dynamic effect nullifies the residual 
unbalance of the syster. 
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C , Measurement System; 

1, Preliminary 

a. Dynamometer cateso3?ies 

Having determined the desired dynamometer inputs, 
the next step In the design procedure Is to select the 
proper method to measure these quantities. In general, 
dynamometers fall into three distinct categories: the 

po^er absorbing dynamometer, the driving dynamometer, and 
the ti^nsmisslon dynaraoaeter. 

1) The power absorbing dynamometer. 

The power absorbing dynamometer is simply a device 
to absorb the output shaft power and to Indicate the 
isagnltude of the power it is absorbing . In the ship 
propulsion application, however, the power la required 
to propel the ship by dissipation of energy to the water. 
Since the towing tank rspi^sents such a large reservoir 
for the amount of energy dissipated, it would be Impractical 
to measure the power being absorbed, 

2) Til® driving dynssnometer. 

TUI® dlstingulshlns aspect of the driving dynamoiticter is 
tiiat it provides both the mechanical pov/®r i^ulrcd and also 
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th® i!nca»iirejr}©nt of the power. The electric cradled dynanorseter 
l8 a d-c machine with the field structure cradled In trunion 
bearings. The assembly is free to rotate about the shaft 
except for the restraint provided by springs upon which 
the torque reactions are measured. This reaction type of 
driving dynamometer is promising for torque neasurements 
when frequency requirenientc do not limit the shafting and 
motor weights. 

A motor can be used as a driving dyixamometer if its 
losses are known and the electric input Is measured. The 
total loss can be determined as the sum of the rotation loss, 
aasRature-reslstance loos, and brush loss. For precise 
r^asurements , the determination of the brush loss becomes a 
problem. The motor may be either an a-c induction or d-c 
motor. Hne calibration of an induction motor to detemlne 
losses, however. Is considerably more difficult than that 
of a d~c motor but is practical if not too much precision 
is expected (21). 

3) The transmission dynamometer. 

The transmission dynamometer is the most versatile of 
the three types because it enables measurer«nt of the torque 
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or thrust transmitted and neither adds to nor subtracts from 
the transmitted enersy. A ti^nsmlssion torquemeter usually 
takes the form of a special coupling which connects the 
prime mover and the load without much shaft or machinery 
modification. A transmission thrustmeter takes a similar 
fora connecting the propeller and the point of thrust trams- 
roission to the ship. 

Since the power required to propel the ship is proportional 
to the product of the axial thrust developed by the propeller 
and the velocity of the ship, no direct power measurements can 
be made. The true thrust, therefore, must be measured by a 
transmission dynamometer. 

Although the torque rseasuremcnt could possibly be i«ad© 
with an electric cradled dynamometer, a d-c driving dynamo- 
meter, or a transmission dynamometer, fewer difficulties are 
encountered in the use of the transmission dynamometer. Empha- 
sis will be placed on the transmission type in the analysis 
of the measurement system. Weight considerations and brush 
loos detem:nlnation are the particular difficulties which make 
the reaction and driving dynamometers less desirable. 
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b. Seismic instruments versus fixed reference 
Instruments* 

In a seismic instrument, the base of a aass-sprlng 
system is attached at the point where the vibration is 
to be measured* The motion at the point is Inferred 
from the motion of the mass relative to the base. In a 
fixed reference instrument, one terminal of the Instrument 
is attached to a point that is fixed in space and the other 
terminal is attached (e.g, mechanically, electrically, 
optically, etc*) to the point whose motion is to be 
measured (22). The seismic device, as it would be utilized 
in this dynamometer, would result in two dynamic systems 
being coupled together, each with its own dynamic response 
characteristics. This results in the possible errors in 
the shafting dynamic system beli'ig detected and amplified 
in the seismic system. For this reason, a fixed reference 
Instrument is selected for this dynamometer. The location 
of the fixed i*eference point remains to be deterralned. 

2 * Act\iatlng device 
a , Purpose 

The purpose of the actuating device is to convert the 
input forces to the measurable quantities — strain. 
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dlcplacement , velocity, and acceleration. Strain is 
actually a fora of di&placesient and will initially be 
treated as such in this development, 
b. Equations of action 

The differential equation of notion for the single 
degree -of -freedom systen with viscous damping, when excited 
by a force F * Fo sinat (applied to the csass) is: 

jsx + ox <f kx » Fo slnfejt 

where the force ia either thrust or torque, and the diaplace- 
mcnt (at this point) can bo either an axial or torsional 
displacement. The solution to this equation can be expa^essed 
in the forra developed in reference (22): 

R.Fc sin(fe>t - 9) 

X. 

The response factor for displacement, is the ratio of the 
amplitude of the vibratory displacement to the spring displace 
ment that would occur if the force P were applied statically. 

can be differentiated to produce velocity and acceleration 
response factors, R^ and R^. These response factors are 



expressed as follows: 
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The pha»e angle Q expressed b;sf: 



9 



arc tan 



2 c /c^«&)/(d^ 

1 - 



where j 



w « excitation frequency 
«sSj.j « system natural frequency 
c = system damping 

=0 * 



Curves showing the dltaensionless displacament factor 
as a function of the frequency ratio o / q ^ arc plotted 
in Figure 2 on the coordinate lines having a positive 
slope, fflrils figure shows graphically the velocity and 
acceleration i*esponse factors, R^ and R^ , the former referred 
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to the horizontal coordinates and the latter referred to 
the coordinates having a negative slope. Curves of 
the phase angle 9 are plotted In Figure 3* 
c. Selection of r.easurablc quantities 

An exasilnatlon of Figures 2 and 3 reveals the following 
informtlon pertinent to selection of a measurable quantity; 

1) Displacement measurement requires a high a^^(low 
to suppress harmonic amplitude and phase distortion. 

2) Velocity measurement requires operation near resonance, 
requires high damping, does not treat all haraonics uniformly, 
and would requii^ recalibration for each change In operating 
frequency w. 

3) Acceleration measurement requires a low to suppress 
ham'.onic amplitude and phase distortion. 

Velocity measurement is the least desirable of the three 
quantities discussed and will be dropped froja further con- 
sideration for the reasons given above. Iho high required 
for displacement measurement increases the allowable spring 
stiffness, for a given mass. This results in lower sensitivity 
but good rise time. On the other hand, the low required 
for acceleration measurement reduces the allowable spring 
stiffness to the point that the effect of added mass and 
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Figure 2, Response Factors for a Visc©us=Damped Single Degree” 
of”Freedom System Excited in Forced Vibration 




Figure 3 . Phase Angle Between Response Displacement and Excitation 

Force for Single Degree-of “Freedom System with Viscous Damping 
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dajEping of the propeller, discussed earlier In this thesis, 
niay becoae a noticeable, and undesirable effect. Therefore, 
the authors have elected to Investigate only displacement 
raeasurlng instruments. 

d. Selection of measureinent system natural frequency 

Figures 2 and 3 indicate that, for ar.y given periodic 
input force, the measurojscnt system natural frequency, 
and damping, c, are th® t'^o parameters tliat determine the 
system response. Those figures show that, with the damping 
ratio c/c^ - 0, a value of below approxiicately 0.10 

is required to pi*evsnt mgnlflcation of higher harmonics, 
mtt that ao phase distortion or shift oecurs until 1.0, 

and that with c/c approximately 0,65, very little amplitude 

Si* 

»«Snlflcatlon occurs until eaeeeds O.ft, but that phase 

Shift increases approximately linearly with frequency ratio. 
Each har^^onic of the input signal is retarded uniformly and 
retains the same relative }iarmonic relationship with the 
other terms; thus there is no phase distortion, but the 
entire response is shifted in time relative to the Input 
elgiial. 
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The measurement© of propeller damping shown in 
reference (23) indicate that the value of c/c^ for a 
propeller shafting system lo low. A method for actual 
determination of propeller clamping of a particular pro- 
peller is given in reference {2k) • For discussion pur- 
poses in this thesis, c/c will be assumed to be between 

V 

0*0 and 0,1. This damping ratio requires an instrument 
natural frequency of at least ten times that of the highest 
frequency of Interest, or, for this design, 2000 cps. 
e. Selection of measurement system configuration 
and determination of displacements. 

The configurations of the propeller shafting and 
measuremont systems determine the values of the mass and 
moment of inertia terras appearing in the Vftrlous equations 
of basic vibration theory to be used. Having selected an 
actuating device natural frequency, a determination of the 
mass and moment of Inertia essentially determines the 
allowable stiffness of the actuating device. stiffness 

determines the magnitude of the measurable quantities, 
axial and torsional displace ent. 

Before^ the configurations can be selected, however, the 
position of a suitable fixed reference rrust be considered. 
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This consideration involves the possible interdependency 
of the propulsion systesj and the Keasurement system. 

As P. M. Lewis points out in reference (25)# the 
dependency of this point on the dynamic properties of 
the model must be made as snail as possible. Ideally, 
the reference point rsust be located so that it has the 
loast possible effect on the measurement. Tito possible 
thrust measurement configurations are considered: 

1) Meacurement of the displacement of the pjxjpeller 
relative to the model hull considering the hull as 
the fixed reference point. 

2) Measurement of the displacements of on® end of the 
propeller shaft relative to the other end considering 
the end of the shaft nearest the thrust bearing as 
the fixed reference point. 

These configumtions will b« analyzed with the assistance 
of Figure I}., 

In Figure ^(a), the referonce point is on the hulli 
in Figure i|.(b), the reference point is on- the propeller 
shaft forward of the i?®asureisent system actuating device. 
In both cases it is desired to malte the B^easuremnt of 
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a) Reference- roi-ni :hl . ..li: 




// 



b) Reference point on prcr-*‘l(^r ^haft 



M = propeller and hub; 'Ti, ra<nc*d and some shalting 

K = measurement system actuating device stiffness 

Fo = desired input force magnitude 
= excitation frequency of interest 
= disturbance force irom thrust bearing 
CO, = frequenr^y of thrust belring forc^>e 
X - measured displacement 

P = measurement rf f*- .i" •* 
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dlsplacsKcnt , x, be an accurate iseaaureuent of the desired 
Input force F©. In theorj', this could be dons through proper 
selection of systoBi paraiaetera; however, the presence of a 
positive displacement In the thnist bearing influences the 
measured displacement. This influence can be analyzed by 
considoring the case of a mss-aprlns system with excitation 
applied to the end of the spring. As shown by Don Hartog 
in reforcnco (26), the disturbance does not change the spring 
length when the bearing disturbance frequency » , is much 

lower than the natural frequency of the mass-spring system. 
Tlius, the bearing disturbance '’sees” the mass and spring as 
a stiff rod. Since the bearing disturbance is one of posi- 
tive displacement , motion nuot occur somewhere in the system. 
In the model shown with the jeeference point on the hull, 
this motion produces an error in the raeasureront of displace- 
ment. Tne frequency of this motion, being in the same range 
as tho frequency of Interest, snakes the desired and distur- 
bance forces indistinguishable. In the Kodel shown with 
the reference point on the propeller sliaft, th© disturbance 
isotlon does not affect the masured displacement, but tmy 
produce the propeller added mass and damping effect previously 
discussed. 
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If the heariiifi; disturbance frequcncj*' is near the 
ras»~aprir*g mtural frequency, motion occurs across the 
spring. Vflth the reference point on the hiill, this 
Riotion will not affect the neasured dlsplaceiaont If the 
disturbance ir.otlon is absorbed by the spr5.ng and does not 
affect the Kaes. For the case of the reference point on 
the shaft, this motion does affect the s.easurcd displacersont 
but has a frequency sufficiently above the desired force 
frequency that it may be discrininated. 

Prom this analysis, the authors conclude tiiat the 
selection of the analytical model with the thrust measurement 
reference point on the propeller shaft Is preferable. 

The proper location of the reforenee point for torque 
measurement is dependent upon the type of transducer. A 
general consideration, howevex’, is the fact that any lateral 
irotion of tho shaft sjay Influence the fijeasiArenent* Tnis 
motion coaid be caused by & change of shaft position In the 
support bearings, eccentricities in the shaft, or dynasiic 
deflection caused by ifhirllng. 

The preliminary deter^r^ination of tlie ellowabl© actuating 
device stlffnass for thrust and torque msasurament is r-iSde 
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frori equations (1) and (2) which relate the para.etoi’S — 
Keasurea^nt systaja natural frequency, stiffness, and n:a»s 
or asouents of Inertia. 



‘^2 

m 


(thrust) 


(1) 


k' (I, + 1 ^) 


C JL t. 


(torque) 


( 2 ) 



AcsuKing a value of m » 2.3 02 , and x 10“*^ in. lb. 

sec,^ (includes propeller, propeller iuib, enti^ined ^mter, 
sora® shafting, and possi'oly part of the actuating device), 
a value of I 2 » 720 x 10“'^ in. lb-sec.^ (Rjainly timt of a 
suitable flywheel), and «ith the value of 2000 cps 

previously selected, the followir.g values are obtained: 

* ^ 3,900 Ibyln. (thrust) 

k 2 “ i}.060 in. -lb. /radian (torqua) 

“ 65,000 in. -OS. /radian (torque) 

Ihe noasurcd displacoKients trc obtained fro>’. equations (3) 
and ik.) for the various input forces of interest determined 
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in the Input Section of this paper 



(3) 



1 




ik) 



These values of displacejnent are (assurains a sinsle spring): 



These values of displacement are Intended to be repre- 
sentative only and are entirely dependent upon the system 
configuration and analytical models upon vrhich equations 
(l) and (h) are based. Appendix C presents the detailed 
considerations for these configurations. In an actual 
preliminary design of a dynamometer this cycle would be 
repeated and refined. This refinement, or optimisation, 
procedure would involve various compromises such as sensi- 
tivity versus actuating device stiffness, system stiffness 
versus system trass and moments of inertia, and natural 
frequency versus haJMsonlc amplitude and phase distortion. 




X ® 5.0 mlcrolnches 



« 0,05 microlnches 



(thrust a 0.32 lb.) 
(thrust « 0,0032 lb.) 
(torque * 2.3 in. -os.) 
(torque = 0,0092 in. -os.) 



55- 



\jO, 



'*4^ mm M 



to 

/•if H«i- * r^fi) 

I 90 <(U * 

I • !,•& 




m%tf j».M lac^i^ 'W m4n 
ffti«^«iiAt» A .C» « 

*'V « f .M • ^ 



** ^ * ♦•-f rm tc Mvt*- 

^ -» Tlirutt^ Cl. !-.»§ ^la»i 

ot^imv^ » -^A? iilfioc iM^ttSL^ tiA 

•^‘4 ^ VMI li^t^ (l) 

^ U . vtaru tt«lJ#i«t4#ifA® 

l*£i.r% «l^T9 HP # ^ td DBlC^ ftai&tirCfO 

.•^t«#lfafv%« 'M Bn« 

• IMM <M « 4 ,1 S-oi^orv •♦i*^l(Lt «iiU#9w Jiri^yaotv 

” cH%g^ • 49 4 i<^% 99 V ti4l«^Ci *i09^t*t^ t<t<fv4i 

r« yi^Sn Mft «^*^|t tK 9i I »l to 14A »«!%{» 

.4fft*.9'«^i49 Pl|flf9 *M* 3<a<yji#4a ^^vtfw 



f. Selection of spritig types and detannsd-riation 
of strains 

ThQ us® of deflection of a spring element or the 
strairis developed In the spring as a measure of the applied 
torque and thrust has I'^een established. 15ie doflections 
were detenpined by the dynamic analysis In the preceding 
section®, and transducer conflsuratlon® are detennlned in 
the following sections. In order to determine the strain®, 
however, these deflections must be applied to a particular 
actuatins device. 

Desirable spring cl”iiar«icterl»tic» for strain do tejrral nation 
aroj low hysteresis, repeatability, low thermal sensitivity, 
and linearity. These characteristics are obtained not only 
by the selection of a suitable configuration, but by the 
proper selection of spring materials and possibly by providing 
a controlled environment in which the actuating device operates. 

There are many different types of actiuitii^ devices 
available. Seismic mass and spring types have been eliminated 
by the authors. Bellows, diaphragms, shaft rotations and 
rectilinear mtlons, proving rings, and cantilever beams 
are possible typos to prodi«c® a jaeaaurable sirs in. The low 
values of the desired quantities force the seleetlcn of 
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those tjrpes producing tho greatest strain* In general , 
cantilever heains provide greater strain amplifioatlon 
than the walls of a thin cylindrical test section* Both 
types are considered, however, because four previous 
atteinpts to design a sensitive dynanometer utlliaed a 
thin wall section (8,9,10,11). 

Diaphragms are also considered for use as actuating 
devices in conjunction with several transducer types, 
Hsferonces (27) and (23) should be consulted for specific 
design details and analytical methods. 

Tho following equations relate the various parameters 
involved in the detenrlmtlon of iseasured strains: 

1 , Thrust measurement 




(cantilever bean) 




(cantilever boat.) 



T o- A 



(cylinder) 




T 



(cylinder) 
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2 . Torque measurement 



li 




(cylinder) 


y - 1% = 

p 


Q-R (2)(1 + u) 

V 


(cylinder) 


v;here : 







X = axial displacement 
T = thrust 

L = cantilever beam length 
E = Young's modulus 

I = moment of inertia of beam cross-section 
€ = axial strain 

c = beam half-thickness 
O' - axial stress 

A = cylinder cross-sectional area 
^ - torsional displacement 

G = modulus of rigidity 
I = cylinder polar mount of inertia 
1 = torque actuating device length 
y = torsional strain 
Q = torque 

R = torque actuating device maximum radius 

p. = 



Poisson's ratio 
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A procedure for the lise of thOBO aquations to determine 
actuatins device pararsaeters and representative values of 
strain is shown in Appendix C* Hep2?esentatlve values of 
strain for thrust racasurciscnt , using a four cantilever 
configiiration area 

» 2*21 microinch/inch (thrust *• 0>32 Ih* ) 

« 0.0221 nicro inch/inch (thrust » 0.0032 lb.) 

TiXQ designer of a specific type actuatitig devices vfill 
find a comprehensive survey of torsion and flexure device 
theory, design, construction, and use In references (29), 

(M and (31). 

3, Transducer and Signal Conditioners 

At this point of the preliminary design of the 
sensitive propulsion dynamometer, the problem has been 
carefully defined and a detailed description of represent- 
ative measurable quantities has been given. The selection of 
a transducer and Its associated signal conditioners to con- 
vert these measurable quantities to a readable si^ral is 
usually a compromise among such factors as cost, availability, 
basic simplicity, reliability, and low maintenance. The 
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ffiOsnltudes of the desired quantities for the sraall ship 
model are so smll and the fx^quency requlz»era«nta so 
stringent, however, that specific consideration must 
be given to more than Just instruiaentatlon which has 
been used for measuring quantities of greater magnitude 
or less stringent frequency i*equlrements . Thus, many 
of the above factors njay liave to be sacrificed for even 
a means of effecting the measurements. 

It la evident from the natui:*e of th® quantities 
developed by the actuating device that the use of 
transducers vihlch convert these quantities to their 
electrical analogs has important advantages* These 
advantages are; 1) The mechanical and electrical 
transducer principles are inherently compatible. 2) The 
transducers are usually susceptible to miniaturization. 

3) Amplification or attenuation may be easily obtained. 

I|.) Mass-inertia effects are minimised, 5) Henote 
indication or recording is feasible. 

At the outset of the search for the suitable trans- 
ducer, the authors were quite unfamiliar with transducing 
techniques and the associated signal conditioning. Because 
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of this unfarolliarlty, many techniques were investigated 
to great lengths in pursuit of sufficient understanding 
upon which to evaluate their application to the SKiall 
ship model. Much tine, in fact, was spent evaluating 
techniques which, to the experienced InstruKcntatlon 
designer, would have been obviously unsuitable. In 
most instances sufficient Infonaation on which to base 
a complete evaluation was not available in the transducer 
references. Original source articles were consulted but 
the applications reported, though helpful, were for the 
measuresnent of much larger displacements or for less 
stringent fi*equency requirements. Extensive investigation 
of this nature still revealed no conclusive evidence that 
the desix^d measurements could be made. It became evident 
tliat in order to effect the measurements, techniques 
developed at or near the state of the art would be necessary. 
Thus, the authors made inquiries at the M.I.T. Instrumentation 
Laboratory where it was believed that current experiment- 
ation in the field might possibly be in progi^ss and such 
information could be obtained. 
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Kechano-electrlcal transducers rsay be classed 
Into four min variable parameter analog, 

self-generating analog, frequency or puls® generating, 
and digital. Analog transducers are those which produce 
an electrical output that is a proportional continuous 
Bseasurement of the Input paramter variations. Pulse 
rate transducers are those which produce voltage pulses 
whose frequency or random pulse generation rate is pro- 
portional to the input paraaseter variations. Digital 
transducers are those which produce a unique coded current 
or voltage form for each discrete value sensed. As the 
input parameter varies, new values of the coded signal are 
generated by the transducers (13) • 

The principles of operation of the transducer 
investigated within each of the four main groups are 
briefly described in Appendix D. This Appendix is presented 
with the Intention that it would give the reader a familiar- 
ity he my not already possess. The specific transducer 
references given in the Appendix should be consulted, 
however, where specific details are desired. 
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The signal conditioner provides the necessary link 
between the transducer and data readout equipment and 
includes all system elements that are used to perform 
necessary and distinct operations in the raeasuren^nt 
sequence. Ihe means of signal conditioning may be 
classed as input modification and instrumentation 
amplification. Methods of removal of the signal from 
the shaft, although not means of conditioniii® the signal 
are a necessary link and will be dlactissed with signal 
conditioners. Input ixiodification may accomplish any of 
the following: conversion of the output into a voltage, 

current, or digital code; straightfoward amplification 
of the transducer output; filtering out of unwanted fre- 
quencies from both transducers and associated circuitry; 
and Impedance inatching or signal attenuation. Instru- 
mentation amplification comprises the mostly coaaisonly 
used signal conditioning circuits and my be aisplifica- 
tion of total amplitude, a-c component only, d-c level 
only, or either Amplitude Modulated or Frequency Modu- 
lated carrier type. Modulation is widely used to simpll 
fy the amplification of d-c or low frequency signals. 
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A brief description of signal conditioning devices 
and applications is given in Appendix S. This Appendix 
is also presented with the Intontion that it would give 
the reader a general familiarity with signal conditioning 
devices. Ihe references givm should be consulted where 
specific details are desired. Tlie methods of signal 
removal are discussed In Appendix P. 

The transducers which show particular promise for 
application to the asall ship model or which wore the 
specific subject or recoiaaendation of past theses, along 
with their associated signal conditioners, are analysed 
in this section. 

a. Strain gages 

Strain gages are widely employed to measure the 
axial and torsional forces in a rotating shaft. Po\ir 
attempts have been made at M. I,T. to utilise sti^in gage 
techniques to measure the torque and thrust developed by 
a small ship model (8,9>10*11)» Po** these reasons, strain 
gages have been analysed to deterujine their applicability 
to the sensitive propulsion dynanometer. 

Various strain gage actuating device configurations 
icay be used. Several configurations are discussed and 
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analyzed In AppendiJv C* Tills analysis produced the 
followiaijs representative values of strain developed by 
the desired input thmsts 

« 2.2 nlcrolnch/lnch (for T » 0,32 lbs.) 

“ 0.0221 micro inch/inch (for T » 0,0032 lbs.) 

These values of strain are not to be interpreted 
as final values. Even if they were final values, the 
strain gag© itself would probably not "see” these values 
due to such effects as bond stiffening and cross-sensitivity. 

Stiraln gages are generally used jsost advantageously 
in a Wheatstone bridge circuit. Ihe maximuia jxjssible 
bridge constant is I4. (four active bridge elersents). Typical 
values of strain gage factors, O.P. , ares 

O.F, =2.0 for foil type bonded strain gages 

0.?. « 100 for piesoresistlve (semicsanductor) 
strain e^ges 

The value of the bridge circuit output voltage per 
volt excitation is obtained from the analysis procedure 
of reference (32) j 
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0.0044 thrust of interest, 

foil gage) 

O.OOOC^jii, Btv/V^2cc* thrust of Interest, 

foil gage) 

0.22 KV/V^^^. (highest thrust of intexHsst, 
s enic onduc t or ) 

0.0022 sav/V^^^. (lowest thrust of Interest, 

semiconductor) 

The resultant signal voltage is dependent upon the 
excitation voltage applied to the bridge circuit. Th® 
limitation on excitation voltage for any strain gage is 
its heat dissipating capability, ’fhe strain gage shunting 
surface must act as an effective heat sink in order to 
operate with the higher currents produced by higher applied 
voltages. Semiconductor strain gages, in addition to having 
higher sensitivities, can be made with higher resistance 
values than foil gages which enables them to be excited 
by higher voltages. Semiconductors, however, are extremely 
te-.porature sensitive, that is their sensitivities change 
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with temperature variations. This effect can be reduced 
by properly incorporating them into a temperature compen- 
sated bridge arrangement, as discussed in most strain 
gage texts. 

In addition to the configurations presented here. 

Mason and Hurston (33) show the results of the use of a 
small experimental, single-crystal, n-type germanium 
torsional transducer which acts as its own actuating 
device. Their reference to the "negligible angular dis- 
placement of the transducer itself", under applied torque, 
does not define the spring constant of the crystal; but 
to use an equally vague expression seen frequently in the 
literature, the crystals, in general, display very high 
natural frequencies. Mason and Thurston do, however, 
present the experimentally determined output voltage- 
torque characteristic which shows an output of approximately 
0.08 mv per Inch-ounce of torque. They also measured values 
of torque dovm to approximately 0,28 inch-ounces. There 
was no indication given as to the accuracy of these low 
values, but the values ai^ in the same range of magnitude 
as the mean torque developed by the small ship model. This 
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tochnlqua laerlts further Investigation into its applicability 
to th© ricaouroTaent of the ship isodel wean values of 

torque. 

Unbonded wire strain gages also find wide application 
to ffisasureraent devices* Reference (34^) explains an applica- 
tion in a flush-dlapliragpi pressure transducer in whlcii the 
wire acts as its own sprltig, ^is, however, requires a 
certain asjount of pr©-tensionlng of the wires which reduces 
their sensitivity. The sensitivity reported is in the same 
rang© as that given for foil type bonded strain gages. 

Reference (27) states that strains of one microinch/ 
inch arc detectable with ccasjraerclal equipment. If this 
can bo interpreted as being the lowest resolution obtainable, 
it bocoms evident that strain gages are unsuitable for 
measureisent of the sra.ll forces developed by the small 
ship model. ^Is reference inay, however, have been rsade 
to the capabilities of strain gages other than semiconductors. 
The authors foimd no other currant reference to the lowest 
values of strain detectable to clarify this point. 

As pointed out, strain gages are generally used in a 
bridge circuit. If sliprlngs arns utilised to transmit the 
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signal off the rotating slmft, the variations In slip- 
ring resistance can b© as great as the variations In the 
strain gages themselves. current flow through the 

legs of a bridge is higher than the flow in the output 
circuit. For this reason, the full bridge must be located 
on the rotating shaft with the slipring in the external 
circuit. This is discussed in more detail in AppKJndIx 
P, along v/ith other methods for removing the signal 
from the rotating shaft. 

b. Linear Variable Differential Transfomer (BVDT) 

•Hie principles of operation and the techniques for 
the use of DVDT’s are very thoroughly discussed in reference 
(35). Eortner and Stabile (8) attempted to apply this 
device to the irieasuremcnt of thrust in a sensitive pro- 
pulsion dynamometer. Their work indicated an LVDT 

may be suitable for measuring the mean values of thirst. 

They obtained fairly good Bcnsltlvltics, however, by 
using a very soft spring, totally imsul tabic for the mea- 
surements of the thrust variations. In addition, thoir 
spring configuration was unsatisfactory duo to the non- 
linearities in its output. Possibly a metal diaphragin 
would have been a moi*o suitable actuating device. Their 
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general configuration, however, will he the one selected 
for this discussion. 

Reference (35) states that the jsovable-core differ- 
ential transformer plcku|> sensitivity varies with the 
carrier frequency of current in the prirary coil. For 
application to this design, the carrier frequency raust be 
at least 2000 cycles per second, or ten tiRios higher than 
the liighest frequency of interest. For this carrier fre- 
quency, a Schaevlts Ilodal 050HR LVPT has a sensitivity 
of 0.003 i?tillivolt pei” microinch with six volts of excita- 
tion ( 36 ). This would produce an output sigzml of 0.015 
ulllivolt for the highest iswan thrust of Interest, and 
0.00015 )5dllivolt for the lowest value of iiiterest. 
Reference ( 37 ) claii/is a sensitivity of 0,3 raillivolta per 
r.lcroinch dlsplaceii^ent with 2l{. volts d-c excitation for 
a DC LVOT. This t^ould produce an output sigtial of 1,5 
rdlllvolts for the highest man thrust and 0,015 millivolts 
for the loivest value of intci*est. 

These values can now be compared to the variation of 
voltage due to sliprlngs of the type disciisoed iri Appendix 
F. A low noise slipring is discussed which a variation 
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of 3 milliohms resistance. Reference (37) states that 
excitation input current is 25 milliamps for the d-c 
transducer. This produces a voltage fluctuation of 
0.075 volts which svmmps all the above mentioned signal 
voltages except that put out by the DC LVDT for the 
highest value of thrust. This problem may possibly be 
circumvented by the use of some of the techniques pre- 
sented in Appendix P. 

Lion (38) stated, in 1959, that the smallest dis- 
placement to be detected with an LVDT was in the order of 
10 inches. Since it is not know if this statement was 
made after the development of the DC LVDT just discussed, 
displacements smaller than 10"^ Inches be detectable. 

c . Variable Inductance 

The most promising variable Inductance device for 
application to the small ship m.odel is that in which the 
reluctance of a small air gap in a magnetic circuit is 
changed by displacement of the actuating device. This 
principle has been used successfully for measurements in 
large models (6) and with varying degress of success in 
the small ship model (12). 
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The '‘raagnl-thpujst” and V-agnl-torque” elaaents, 
deeerlbed i» reference (6) , are a basic design for 
transiaission dynamcn^ters* %esc elements, like the 
Riagne tic -coupled torqueneter described in reference 
(39), do not require sliprings* ^e coils in which the 
varying inductance is detected coispletely encircle the 
shaft and the magnetic return paths are through encasing 
shells of ssagnetio material and across the radial air gaps 
between the stationary coils and the rotating shaft. Since 
the radial air gaps have a full circumferential area, which 
is large compared to the area of the active air gaps, the 
variations in the radial air gaps are negligible compared 
to the variations in the active air gaps on the shaft. 

Hicketts and Flaherty (IS) designed, constructed, 
and tested a variable reluctance device for measuring 
tlxrust on the small ship model. Ihe device, requiring 
slip rings, consisted of two coils wound inside Ferroxcube 
pot cores which were spring mounted on the rotating shaft 
in such a seanner that the thznist caused an increase 
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In th© air gap of ons pot cor® and a decrease in the air 
gap of the other. Each of the valuing Inductances v.*as 
placed In a separate x*esonant circuit whose freijuency 
was dependent on the yalues of the indue tarica. The 
difference In the frequencies of the two resonant circuits 
was an indication of the thrust developed. Test results 
of this device showed a high overall sensitivity of 90S 
millivolts per pound of thrust. 

The authors are unable to place much ccnfldence in 
the high value of sensitivity of the Ricketts and Flaherty 
device since neither proof of a correct spring constant 
was given nor was the sensitivity obtained through dynamic 
calibration. The Ricketts and Flaherty developments for 
application of the principle to the sirall ship rsodel for 
jKeasursment of thmist and a proposed configuration for 
raeasuretijent of tox*q*ae arc excellent and should be consulted for 
transducer and signal coMitionlng techniques in application 
of the variable reluctance principle. A configuration was 
also proposed which Incorporated the Ferroxcube cores with- 
out slip rings; however j, the design was such that the fixed 



reference point was off the shaft. For reasons provlously 
discu,e3cd> such a configuration is unacceptable . 

In the search for further evidence on which to evalu- 
ate the use of a variable reluctance device, several 
sensitivity figures were found, Accordins to reference 
(tvQ) , a typical E-r.agnet angular dlsplacetssent receiver 
having a volur.e of two cubic inches and a weight of eiix: ounces 
and excited with a 60 cycle per second, 50 nilllarnpere 
current, operates over a range of input angles of 0,1 
radian with an open-circuit angle-voltage oensltivity 
of 300 Rillivolts per Rllllradian, Referred to the angular 
twist developed by the man torque and the omllest torque 
variation of Interest, 

EgCopen circuit voltage) * O.ip isv (Q * 2.3 in. -os.) 

•S' 0,000^2 Ear (Q » 0.0092 in. -02.) 

Axial and radial play in bearings aro presently being 
measured at the M. I.T. Instrussantation Laboratory using a 
"magnetic suspension” device with a sensitivity of 2.2 
Rillivolts per saicroinch. Referring this oensltivlty to 
the torque and thrust values of interest? 
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= 11.0 inv 
o 



(T = 0.32 Ito.) 

= 0.11 mv (T = 0.0032 lb.) 

= 17.5 mv (Q = 2.3 in.~oz., r = 1/2 in.) 

= 0.07 Eiv (q = 0.0092 in.-oz., r = 1/2 in.) 

In the work at the Instinimentation Laboratory, resolution 
of displacements of approximately one-tenth of a micro- 
inch is expected. I^e signal conditioners used for these 
measurements are not Imown, but the fact that the measure- 
ments are being made in this range, although in the 
Laboratory, is encouragement that at least the mean values 
of thrust and torque might be measured. 

. d. "Geared torque dynamometer" and similar 
configurations for torque and shaft rotational 
velocity measurements. 

Ricketts and Flaherty (12) also presented a "geared 
torque dynamometer" configuration for measuring flexure 
tv;lst angle. The twist angle i?as to be measured as the 
phase difference between the digital outputs of two magnetic 
plclcups actuated by multiple toothed gears placed on opposite 
sides of the flexure. The authors believe, and the following 
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develop-nient atiows, that the? expectations of th® ''geared 
torque dynajsioiaeter” srero overly optteistio. 

Using the clt'cultry propoaed for the configuration, 
the frequency of the output of the Esagnetic plcl^xips repre- 
sents the frequency at which the torque variations %#ould 
be saispled. Practical aau.pl Ing theory requires that this 
frequency be at least ten tjhaes the highest frequency of 
lntei?ost. Since the aajupling frequency also esquals the 
nus.ber of gear teeth tines the shaft rotational velocity, 
the nuT-ber of gear teeth required is calculated as follows 

Sasr.piing frequency » 10 x highest frequency of Interest 

» shaft rotational velocity x 
number of gear teeth 

Substituting values frosi Table II and solving, 

Kurabar of gear teeth required « 10 x 200 cp»/20 rp« 

100 teeth 

A procedure for detenaining the optiihun tooth slse 
and spacing for the laaxlasii^ output of a u^agnetlc pickup is 
given in reference Using this procedure and the 

0 S!»Il@ 8 t pole piece comercially available, the following 







A -U. ^ * 




mM iBi ^ < m mrn% ^ Oi^ oC i«f|^ || 



I 

1 



G«ar and pickup dimensions were calculated: 



lliximum gear diameter 
Width of gear teeth 
Qap between teeth 
Height of teeth 
’Kiickness of gear dick 



2 in« 

0.0157 in. 
O.C^n in, 
0.0471 in. 
0,040 in. 



{model restriction) 



use of this gear further requires that the pole piece ^ 
0.C4-0 inches in dlaineter, be machined to a chisel point of 
0.0157 inch thickness. “IKic dimensions of the gear and the 
pole piece are obtainable, but the manufacturing tolerances 
are critical. !Ihe teeth :::u3t be spaced exactly uniformly on 
the circumference of the gear disk and the two gears must be 
identical. A variation of only 0.14 mlcrolnch in the width 
between two adjacent teeth will produce a torque variation 
equal In magnitude to the siaallest torque variation of 
intea?est. For accurate measurenents of the toxqu® varia- 
tions, such allowable tolerances in tho mchinlng of the 
gear teeth would produce 100 0/0 error. So-callad precision 
digital geaiTS, currently being used in work at the H.I.T. 
Instrumentation Laboratory, have 4l5 teeth on a disk of 
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1,683 Inch diameter. 2hese sear© are generated by 
Ai’ch Oear Works, Quincy, IJassachusetts. A represen- 
tative of that company stated tiiat tho coEsposite error 
between teeth can be controlled only within 0.0002 inch 
and the roundness of the gear to a tolerance of 30 ralcro- 
inches. tolerance considerations alone discount 

using the "geared torque dynaaoraeter" for effecting 
Ksasuronasnt of the desired quantities. 

The photoeaisslve cell or phototube could also be 
used in a digital configuration slnilar to that of the 
"geared torque dynamOKjeter". Ih® phototubes ■'/ould receive 
light energy reflected from edrrored surfaces on both 
aides of the shaft flexure elej-sent. The nuober of sur- 
faces and the tolerance of these surfaces, however, would 
require precision machining cq*oal to that required for 
the gears. 

Another similar confisui*atlon might use the photo- 
conductive cell to meastira variations in light Intensity 
caused by angular twist of the torque flexure. Itie light 
intensity would be varied by the ariguiar twist between 
two shaft-iaounted disks in which either radial or spiral 
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grates wer© cut. This nothcd ray sho^ pi*omim for application 
to the srnall ship model and should be irwestigated further. 

Probably the simplest method of shaft rotational 

velocity is to count the pulses generated as an olectro- 
isagnetlo gear passes a mgnotic pickup. Ttis output of the 
pickup can be fed directly to an electronic counter, or 
throUvgh a frequency to voltage device to a recorder. The 
output of a 15 tooth gear can be multiplied by four to get 
revolutions per minute. A similar velocity pulse arrange- 
ment could be devised using photoelectric devices. The 
accui^cy of the velocity measureBsent can bo improved by 
increasing the number of teeth on the gear, 
e. Piesoelectric tmnsducers 
Piezoelectric crystals have sensitivities up to 

about 5 millivolts per mloroinch. A stress resulting in 
-2 

a strain of 10 isicroiJich per inch my produce as much 
as 0.2 volts (22). These high sensitivities make them 
worthy of Investigation for their applicability to this 
dyt-iamometer. 

Plesoolectric eleiaoiits us’oally act as part of the 
actuating device. I^eir fundaBsental natural frequency 
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iMay b« aa high as 100,000 ayclea.per second, but th® 
natural frequency of moot cos®erolal piezoelectric trans- 
ducers is between 25*000 and 75*000 cycles per second. 
Bargains is quite lovi, about 0,002 to 0,22 of critical (22). 

Output impedances arc usjjally In the mnge of 100 
to 10,000 micromicro farads of capacity. This capacity and 
the input resistance of the signal conditioner to which 
the deylca is attached limit the low frequency response of 
the transducer. Tills high output impedance requires that 
the output be fed directly into a device such as a cathode 
follower, or other high Irpoc^nce device, for the measur^- 
inenta of vibrations in the range of those developed by the 
sjTsall ship model. 

Single piezoelectric crystals can be cut with the 
appropriate orientation and electrode application to 
enable them to be used for either flexing or torsional 
»;ovesienta. However, in any propulsion dymmometer con- 
figuration, the crystals would be required to transmit both 
torque and thrust. The directional sensitivity of these 
devices would have to be determined with extreme care, since 
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ever* smll amounts of cross-sensitivity wo’ald rc,’sult in 
significant errors. 

Piezoelectric properties vary according to whether 
the applied load compresaes# bends, or twists the ele- 
ments. Lion (38) disc'osseo various configurations and 
indicates that the elements have a higher Bonsltivity, 
at the expense of meclianlcal resonance fj^quency, when 
used as blmorphs (trade name of Brush Electronics Company),, 
Bimoi’phs are termed, either benders or twisters, depending 
upon their application, 

Ufslng the nethods outlined in Harris end Credo (22) , 
the attthors calculated that the spring constant of a 
representative bariura tltaimte crystal subjected to con- 
pression loading would be approxlir^tely 9. 9 3C 10^ pounds 
per inch. Draper (ij.0) states a representative value of 
sensitivity of 5 rsillivolts per microlnch for a compreaaion 
loaded plezoolectrlc transducer. If a thrust measuring 
configuration were to use a transducer with these charac- 
teristics , the highest thrust of interest would produce 
a displacement of approximately O.O32 micro inches and 
a signal voltage of approxlmteiy 0,15 r«^illivolts. Since 
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this actxiating device stiffness is 150 times higher than 
required hy the dynamic analysis discussed earlier, a 
bimorph bender configuration vrith its decreased stiffness 
and higher sensitivity would seem more appropriate than 
a compression device. Hovfever, Draper states that a 
typical bender sensitivity is 0,25 millivolts per mlcroi ich 
displacement. This appears to contradict the arguement 
presented in favor of benders. The apparent contradic- 
tion may be due to the use of different materials , ele- 
ment aij^es, or signal conditioners. 

The authors ' analysis of piezoelectric transducers 
is not sufficient to properly evaluate their application 
to the small ship model sensitive dynamometer. Investi- 
gations into current laboratory techniques In the use of 
these transducers may reveal additional information on 
which such an evaluation could be made, 
f. Variable capacitance transducer 
The output of a displacement-sensitive capacitance 
transducer is proportional to the change in capacitance 
caused by the relative displacement between a conducting 
plate and the actuating device. Appropriate signal 
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conditioners art used to ganer^te m voltage corresponding 
to this c}^ange In capacitance. Sine® ebango in capaci- 
tance with respect to plat® sapai^tlon is the wost senol- 
tlve, only that typo is considered for application to 
a»aaure?fients in tho sxfaill ship laodel. 

Harris and Grade (22) state that the main advantages 
of tho capacitance transducer are: 1) slnplicity in 
installation, 2) negligible effect on the operation of 
the vibrating systesn, 3) e3ttx*eme sensitivity, 4) wide 
dlsplaceiwcnt rajige, and 5) wide frequency i^nge. The 
disadvantages of the transducer are: 1) inherent cojBsplexlty 
of associated signal cendltionors , 2) relatively large 
output impedance which requires careful chieldlng and 
short connecting cables, and 3) nonlinearity in the 
relationship of the output voltage to aechanical displace - 
i33©nt. In spite of these disadvantages, iiowever, the 
advantage of extreKio consitlvity alone places this type 
of transducer as possibly the laost prowiaing type for 
effecting the desired measurements. Lion (38) states 
that these transduce!** Iiave been used for the rreasureTOnt 
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of displacements as sjnali as al»out one-tenth of an angstrom 
unit (4 X inch). 

Before the transducer can be applied to the sswall 
ship model, correction of tho disadvantages must be con- 
sidered, The principal sources of the nonlinearity (22) 
are* 1) tho effect of frlriging in the electric field 
between the capacitor plates, 2) the fact that the capa- 
citance Is inversely, and not directly, proportional to 
the spacing, and 3) the electric circuit associated with 
the transducer, 

effect of the fringing depends to such an extent 
upon the transducer plate design and its shielding that it 
is difficult to determine analytically, i^1?inging effects 
should be checked experimentally for each installation. 

The capacitance variation, which is obtained when 
the spacing between the plates is changed, is not a linear 
function of the spacing, This can lead to serious distor- 
tion in the output in cases where tJis isinijmcs dlsplacofient 
which must bo resolved is less than about on® per cent of 
the inaximttm displacemont . For tho application to tho 
smll ship rnodel, the mininuaa displacement which *i:ust be 
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resolved is the piaxinur;'. tolerable ex*ror 3ho?m In 
Figure 1. Tixat value for accuracy v/lthin 0*23 

per cent 1» 23 »0 x 10“'^ ln.~oz, for torque and 

-A 

^.0 X 10 ' lb. for thrust, fhme values are »«uch 
less than one per cent of their x‘espective aean values, 

0.97 ln.*-os, and 0.135 lb. given in Table XI. In order 
tti obtain a aixlmuia tolerable error value that is one 
per cent of the nean values, the accurecy mst be 
relaxed such that ©x*ror io greater than the variation 
to be neasured. As shown in referenc® (4-2)# however, 
the linearity of the capacitor can be i*:proved by 
inserting tnica, a r.iaterial with a high dielectric con- 
stant, such that it partially fills tho gap. The correct 
thictoess to obtain linearity is found by r';cthodical 
experimntation. The addition of the fiiici improves not 
only the linearity, but also the frequency response , by 
adding damping, and tho robustness of tl>- device, by adding 
insulation, 

Xhe magnitude of the output impedance depends on the 
frequency of the alteraatlng current used for the deter- 
uination of the eapacltatice j for practical eases 
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(capacitancea of tho order of 10 to several hundred 
p,{xF) , the output icipedanee is in the range between 
10^ and 10^ ohina. TIiq Easnitudo of both the output 
signal and the output ijapcdance rnay be changed by 
aeries and parallel capacitor circuits, but such 
modifications are always accompanied by a reduction 
of the signal ( 38 )» 

The dynamic response characteristic of capacitive 
transducers, as well as hysteresis, mechanical after 
effects, and drift, and the influence of the environ- 
mental temperature and pressurs upon the transducer 
perforrance are all determined by its mechanical con- 
struction rather than by its electrical cfiaracterlstic. 
The source of the greatest mechanical difficulties is 
frequently the insulation employed to hold the plates 
In position. Capacitive transducers Imve been used for 
a wlda variety of measuraiaents of physical magnitudes 
and details of the conctnictlons used s.r& described in 
referonces listed in the capacitance bibliography of 
reference (22). Most of these references were read by 
the authors and found to be excellent application 
examples . 
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The Eilnlr>um rcfiolvable displacejitent ia virtually 
imlinltad, do pending only on the Riaximua: plckoff area 
which can bo used and tlio r;,inlinuin air gap which can be 
constructed. Roberts (1|.2) states it is not feasible 
in practice, however, to use SRialler gaps than D.OOl 
inch. He also discusses a push-pull configuration \ 

eaploying three plates, om saovlng and two fixed, by 
which ijjcaaurerjent is f.sade in terms of th*i ratio of the 
two capacitances, one increasing and the other decreasing. 

So long as the ratio between them is unchanged, changes 
In the value of the capacitance from therml expansion 
of the parts or from chaiiges in the dielectric are of 
little oonsequenc©. 

In general, groatoat overall stability is possible 
using tho balanced brldgo circuit to convert the change 
of capacitance to a voltage. Tine sise of the capacitive 
elenents, however, co»rplicatas placing and balancing tho 
elements on the rotating shaft. It imay appear tliat only the 
active element need bo placed on the shaft since variatlona 
in the rcBletlve component of the iKpedance, contributed 
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by the sliprinss.^ would Imve rjogllslble effect on the 
v'ilue of the Impedance, vdilch is controlled by the capa- 
citance reactive ooapone.it* Capacitance in the sllprings, 
possibly in the order of picofarads, ray be of the sane 
order a® the variations of the capacitive ole,”3ent. !Ihe 
bridge, therefore, must be placed on the shaft and one 
of the methods of signal rerioval frosi the sliaft lauat be 
enpioyed. 

A thrust configuration enploying a oapacitive trans- 
ducer and a resonant eir*cuit on the shaft is shown in 
Figure 5» method of signal renoval fra« th-j shaft is 

»y a rotax^ transfomcr arrangeisent , thereby *ili*imtin .3 
the need for sliprlngs* !?he circuit is so designed that 
a variation in the cajNSLCitor air gap causes a capacity 
•hich in turn modifies the resonant frs^juency of the tuned 
circuit. When this frequency changes witt^ rcsp^.ct to the 
fixed-frequency oscillati-'a of the excitation s\j®>ply, the 
associated electrical circuits produce u volta*:« change 
that is picked up fey the inductively couple j nd 

then rectified. Thio rectified voltage is t!« cut, 
cigral of the thrust transducer. !Kie effects of variations 
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Figure 5» Possible Variable Capacitance Transducer and 
Signal Conditioner Configuration for Thrust Measurement 
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in the of the Inductive coupled sliprins remin for 
future investigation* 

Torque configuratioriS using eisiilar principles can 
be devised. One such configuration Right mmploj capa- 
citance transducers on the circusiference of a torque 
flexure. *Itws, the angular t»j«let would var^ the plate 
separation in tho same mnnor as th© push-pull arrange- 
ment described, A aerruted-cspacltor transducer, 
described in reference (43), might also be modified to 
apply to the stmll ship laodel. 

g. Electron tub© transducer 

'!Eao electron tul;>e traitsducer is a variable resis- 
tance devic© in which a voltage change is developed when 
tite relative spacing between the nx»vable plate and the 
fixed grid is changed., Tho change is aetmted through 
suitable linkage between tho actuating dwvic© and tlie 
s!mft supporting the plate o,f the tub®. Th© transducer 
1ms 3®ve.ral principal disadvantages for application to the 
sisall ship model: 1) unpredictable "aero drift Z) **Koro 

shift’* following Impacts of short duration, and 3) difficulty 
In herfi^tically sealing such that controlled vibrations can 
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b<3 trarzsf erred. In spite of these dlsadvantagea , however, 
the tube is considered for its high sensitivity, the roost 
important requirement to effect the desired roeasureroents . 

The RCA Type 5734 roechanoelectronic transducer, 
described in the transducer references of Appendix D, 
occupies 0.5 cubic inch, weighs in the region of 0,25 
ounce, and can be mounted in any position. Placed in the 
voltase-sonsltlve circuit described in Appendix S, with a 
load resistor of about 50,000 ohms and a plate supply of 
20 volts, the diaplacerosnt-voltage sensitivity of the 
system is in the region of 5 millivolts per mlcrolnch over 
an input range of 0.001 inch. This sensitivity gives an 
output of 0.25 millivolt for the thrust variations* In 
the nonactuated position, the resistance of the tube is 
approx liaately 75,000 ohms and the change in resistance is 
125 Kiilliohms per mlcrolnch. The magnitude of the resis- 
tance, 75,000 ohms, is rather large for use in a balanced 
bridge circuit installed on the shaft j therefore, a rf.eans 
of signal removal from the shaft must be used in the voltage- 
sensitive circuit. The following calculations for the 
circuit using sliprlngs are presented for comparison: 
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Chans© in slipring resistance ~ 3 »rL (Appendix F) 
Change in tube resistance 

for thrust variations « 125 ma/pln. x 0.25 

=- 6.25 nsxiT « 0.D032 lb.) 

Thus, the change in slipring resistance is approxlRmtely 
one-half the change in tuba resistance due to the thrust 
variations. Whether or not the sllprlng nolee could be 
filtered out of the signal depends on the frequency of the 
noise cortjpared to the frequency of interest. 

Frequent calibration, at the least, may be necessary 
in order to ovcrconie the disadvantage of unpredictable 
"zero drift”. If this disadvantage can be overcome, and 
sufficient resolution obtained through the signal condi- 
tioners, then the transducer might be applied to thrust 
raeasurenents in the small ship model. The fact that the 
units are fragile and require special handling also present 
a problem requiring further investigation. To circumvent 
the slipring problem, either commercially manufactured 
mereury sllprlngs or the wire wound technique of signal 
removal from the shaft , discussed in Appendix F, might be 
used. 
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h. Selsyn Systerjs 

Selsyn systems, described in reference (llij.), were 
investigated extensively for use as the torque trans- 
ducer. In general, it was found that accuracy of these 
devices was inadequate for the measuretTiente desired. 

The best accuracy available in a two-speed synchro -system 
employing the best possible gearing is about ± 0.0033 
degjTae, References (45^6,47) give excellent treatments 
of the design and application of Selsyn systems. 

Investigations at the M.I.T. Instrumentation Laboratory, 
however, revealed excellent results with application of the 
Mlcrosyn. Mlcrosyns are quite temperature sensitive when 
attempts for accurate measurements are irsade. Under ideal 
temperature control and static conditions, angles of 
2,7'3 X degrees can be distinguished. Where tempera- 

ture Is controlled to within 0.01 degree Fahrenheit, angles 
-6 

of 1.39 Jc 10“ degrees can be distinguished. For compari- 
son, the angular twist for the highest mean torque of 
interest (Q 2.30 in, -os.) is 20.3 x 10“ degrees and for 
the smallest torque variation of interest {Q, » 0,0092 in. -02.) 
is 0.08 X 10 degrees. Thus, if ideal conditions could 
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be met , Mlcrosyns could only be used for laean torque 
BjeansurcKjents with approx Ijcately lij. o/o iraixlEuia error. 

CoTsparative information for the other speclallr.ed 
types was not available. Further Investigation nsay 
reveal that the others, particularly Inductosyns , are 
more accurate. It Is doubtful, however, that the 
accuracy of these, under ideal condltioxis, will be 
sufficient to effect the deaiz*ed measurements. 

1^, Readout devices 

The termination of the signal conditioners is a 
readout device which receives the output signal and 
presents it in a readout forxii. This readout may be in 
two possible forms: relative displacement or digital. 

Examples of a relative displacement readout device are a 
meter pointer moving over a scale and a pen or light beam 
v/rlfcing a permanent record on a moving paper. Examples 
of a digital readout are electronic decade counters, and 
rotating drum mechanical counters. 

The nature of the signal output of a small ship model 
sensitive dynamometer requires some form of a voltage- 
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eenaitlvc readout devlco. Various possible electrical 
Indicators and recorders, and their applicability to 
this r.easurcfficnt systom, aro briefly discussed. Readout 
device capabilities are those siven in Boc’.cwlth and 

(27), unless otherwise indicated. 

a . Meter indicators 

Meter Indicators have a relatively high r.cter iriove- 
nent inertia. In addition. It vfould be Iripooslblc for 
the humn eye to follow the pointer even if it were possi- 
ble for tho neter to follow the dynamic signal. For these 
reasons meter Indicators are unsuited for the measurements 
of the input force fluctuations, but may have application 
to the neasurenent of the steady, or slowly fluctuating, 
rsan value of torque and thrust. 

b. Mechanical counters 

Mechanical counters could be directly connected to 
the rotating shaft or could be electrically actuated 
counters energised by switch or relay, or by any source 
of pulse able to supply a power of several watts. One 
high speed counter of this type Is capable of making 1000 
counts ’per minute. This type of device would produce less 
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than one count for the shaft rotational velocities of 
this dlynaHOfceter and would probably not be suitable. 

c. Electronic counters 

Electronic counters extremely versatile 
devices, capable of mny high speed countiJns type opera- 
tions. Uiey have a high impedance Input and require 
little energy for pulsing (D .2 volts rros pulse), fhis 
device can be used to accurately raeasiire shaft rotational 
velocities . 

d. Cathode-ray oscilloscope 

Cathode ray oscilloscopes are high impedance voltage- 
sensitive devices with an inortlaless bean of electrons 
substituted for tho irsater point and a fluorescent screen 
replacing the raster scale. Electrostatic cathode-ray tube 
sensitivity is relatively low (about O.O04. to O.06 inch 
deflection per d-c volt) and therefore I'equires an ampli- 
fied signal. All general purpose oscilloscopes provide 
such amplification. 

If direct observation of the scope does not provide 
sufficient information about the slgiml, high-speed photo- 
graphic £‘ecords my be taade and analyzed. Tnis technique 
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is described as used at the Netherlands Ship Model Basin, 
Wageningen, in reference (ij. 8 ). 

e. Oscillograph 

An oscillograph is a low impedance writing instru- 
ment that records the input directly onto paper. There 
are two basic types available: l) A direct •wi’iting type 

vjith a stylus that directly contacts a moving paper strip. 

2 ) A mirror type which employs a light beam for vjriting 
on photographic paper or film. 

The galvanometer suspension system in an oscillograph 
limits the frequency response as in any mass-spring system. 
Table III summarizes typical oscillograph galvanometer 
sensitivity and frequency values. Table III indicates 
that a light-beam type galvanometer is the only suitable 
oscillograph for recording the force fluctuations developed 
in the propulsion dynamometer. This means that the Sanborn 
oscillograph with a Model 150 carrier preamplifier currently 
installed in the M.I.T. Towing Tank is suitable only for 
the recording of mean torque and thrust values. 
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Ta ble III 

Typical Oocillosraph aalvanoneter Sensitivity and Frequency Values 



OalvanoLieter 


Kaxiiaua usable 
frequency, cps 


Sensitivity 

in./ioa. 


Stylus-type with amplifying syster. 


100 


0.0^1- 


IfOw-sensitivlty light-beam type. 


350 


2.3 


fluid damped 






High-frequency light -beam type, 


5000 


21.7 


fluid damped 






Klgh**sensltivity light-beam type. 


A 


61.7 


magnetically damped 







f. Magnetic tape recorders 

Tlie capabilities and use of rnagnetlc tape recorders are 
thoroughly discussed by Harris and Crede (22). These recorders 
find wide application in the field of vibration Bjeasurersent 
and analysis. They provide a permanent record of readout 
vdiich can be analyzed by iiany different methods. Several 
jnethods are given in the Output section of this thesis. 
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5. Discussion and other considerations 

a. Limitations of analysis 

The foregoing analysis has been based on idealized 
models in which idealized conditions have been assumed. 

The analysis of the actuating device, for Instance, was 
developed considering that the masses and the frame had 
infinite stiffness, that the spring had zero mass, and 
that only viscous damping v/as present. The transducer 
and signal conditioning analysis was developed considering 
the lnher*ent difficulties of the transducer technique itself 
and the restrictions imposed by sliprings; however, the 
remainder of the signal conditioning devices were con- 
sidered within themselves to be ideal. Detailed analyses 
of mechanical and electrical noises within the transducer 
and the signal conditioners must be considered before the 
complete system can be evaluated. It must be considered, 
therefore, that the performance of an actual system will 
differ from that predicted for the idealized model, 

b. Implications of analysis 

It has been pointed out in the analysis that, in order 
to effect measurement of the desired alternating forces , 
techniques at or near the state of the art must be employed. 
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The lesulte of the analyess, however, ere ineufflolent 
\xpon etiich to base ooraplete evaluation, Whereas soa® of 
the technique# can definitely be eliminated by th® evi- 
dence presented, others can neither be elimlmted or #ub- 
stantlated conclusively as suitable means. 

Four particular techniques standout as >aost promising, 
eitlier from presentation of enoouraslng evidence or from 
the lack of sufficient diacoiiragins evidence t 

1) ®ie photoelectric technique employlns photocon- 
ductlve cells to measure variations in light intensity 
may in fact be a suitable means for n^asurlns the torque 
variations on the rotating shaft of the sciall ship isodel, 

A oofi^lete investigation of this type, however, remains to 
be made, 

2) T!ie electron-tube transducer has a high sensitivity. 
If the problems of placing this tube on the rotating shaft 
with a suitable mechanical linkage and si^al transmission 
arrangeiaent , along with the inherent problems of the tube 
itself, can bo overcom^e, this device may px'ove satisfactory^ 

3) Although inforKation conceiving ttm state-of-the- 
art teclinlqucs of pioaoeleetrlc devices is lacking. 
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recormendations fron svvcral i.curces favor Incorporation 
of this device on the baals cf extrerjc aeraitivity. Evi- 
dence of extrer:-« censltivlty for ssiall displacements was 
found, but because of th© hlgli spring constant of th® 
device, larger forces arc I’equlred to actuate the dls- 
placer^fnt. . It is recorsnended , therefore, that the 
bii.iorph type, tfhlch gives greater sensitivity at lower 
natiu*ril frequencies, be further investigated, 

*’4.) The most pronising technique appears to b® that 
of the variable capacitance transducer. The authors 
believe that a detailed design for construction of a 
dynai. or.eter using this technique would be beneficial. 

Tni'ouGhout any future work in the design and develop 
nent of the sensitive propulsion dynamouietar it imst be 
borne In rind that the nature of the quantities to be 
■"eacurod require that all phases of design t ust employ 
ctate-of-the-art or near state-of-the-art tochniques. 

'FoIg requiremeot implies that even the slnplect component 
of the system must t>e consti'*uctod or selected with the 
utmost care in order to pr^oduce the higliest possible 
signal-to-noise ratio. 
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All of the p®jt»inlng: technique* mey he capable of 
measuring the rnmn values of thrust and torque since for 
such s3®asurej®ents the frequency requirement could be 
relaxed and aensitlvlty would be Increased^ A x«analysls 
of the ©sasurable quantities obtainable and the application 
of the transducer techniques under the relaxed conditions 
should be made* 

c » Compromises 

In view of the apparent difficulty in obtaining the 
measurci:^nt8 of the desired altemating qimntlties, it is 
only natural that compromises should be conaidex^d* Ihree 
types of compromises could be made in an effort to obtain 
the goals 1) dampli^ and reduction of the neasurement 
system natural frequency, Z) relaxation of the accuracy 
requirements, and 3) reduction in the flexibility of 
dynamometer usage* 

Damping and a reduction of the measursnent system 
natural frequency, with subsequent Inez^se in sensitivity, 
does not involve a compromise in accuracy only if the d#£X*ee 
of damping achieved is approximately 65 per cent of critical. 
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As pQXntM^ out In th® of actuating 4®vico*, this 

vsXue of damptiis allows opsxation to apps»osiJ 2 at«Iy O.lj. of 
tHs systois imtural frequency witioout amplitude 

distortion and produces a phase shift, but m 
distortion. Two particuiar difficulties are pi^sent in 
the attempt to schieifo this a^unt of dashing* First, 
it is extrosiely difficult to detonsine th# actual value 
©f the dais^lng oht&ln®d| thus, calibration at r^sany differ- 
ent frequencies would b« necessary. Secondly, since the 
froqusncies of interest are cos^ratlvely low, the large 
sise of the diu^lng devices required could tee unaceep-fcable 
tor samll ship model application, 

Beductlon of accumey rcquireiaents .might tec accomplished 
in two smys. First# the value of Efaptteus tolerable error 
could be increased* Figure 1 shows the variation of mxi- 
rsusn toleratele error, thus the ^inimusi «gnitudes which met 
tee resolved, as a function of the aeoumoy desired for the 
masurc»tnt of the alternating forces. A CQ®pr^®is« of this 
nature, however, would not help significasitly since, in most 
cases, the tj«si.nsduccr techniques analysed mm Incassatele of 
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s«»olvlns tha amplltudaa of variation, lot alono the valiia 
of tolerable error, Seooniily, the natural fre- 

«iuency of the Ks#asurew@nt syateis eould be reduced with 
no regard to daisping^ however, Kas5nitude distortion would 
result at the various harmonic frequencies of interest* 

Such distortion would be very difficult to calibrate since 
it would vary with each different frequency* 

Flexibility of dynawnoEeter usage Ksay be reduced by 
deorsaains the highest fi^quoncy of interest' to bo r<eaaus?«d, 
by Halting the speed rang© of interest for model testing 
to the higher values, or by itoitlng the wasuresient® 
desired to only th@ mm values of torqus and thrust. A 
decrease in the highest frequency of interest s?Jiy be accojs- 
pllshed by restricting the manber of blades on the propeller 
to be tested or by arbitmrily ©limiimting the socorjd Jmr~ 
m«nic as a harmonic of interest. 

Although conclusive evidence has not been given to 
the effect that the alteimting forces cannot be »asur@d, 
thf authors believe tlmt the only practical cor-projals® to 
be rad® toward furthering tha goal of a propulsion dynaKo»et«r 
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capability at the H, I.T. Towing Tank, is to relax the 
capability to the s^a&iireisent of the aean values of 
toi^iue and thrust only. It is further recoemiended that 
such a dynaiaoHseter be initially tested in a propeller 
boat configuration to reduce the installation cosipl lea t ions, 
d. Other considerations 

Other considerations, which have been somewhat 
neglected in the design analysis of the sensitive pro- 
pulsion dyna®ometer, are phase shift and calibration 
require^nts. 

Phase shift is the time delay between the R^chanical 
input and electrical output signal of the aeasuresaent 
system:. This has been dlaouased in regain to th@ distor- 
tion which may result if certain requireiaents are not met, 
but a method for determination of the shift has not been 
discussed. A detailed analysis of the mechanical and 
electrical phase shifts must be accomplished in order to 
determine their values. 

Calibration of the dynassoiseter involves determining 
the relationship between the output and the input 
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©jT t=h« ®eaaui**srt«nt Ijh general, tho tollowing 

injformtlon la r«quij»®<li 

1) s®naltivlty ov«,r th« freqi^aney 3 ?&rig© cf 
interest • 

2) The aenaltlvlty over the eoviron^iental range 
of Interest. For estaffipl®, the deterastzmtion of the 
effects of tCE^rature change, supply voltage variations, 
stray fields, and hjr^idity. 

3) sensitivity over an aKiplitude range of lyitei^st. 

4) The stability of calibration vrlth tin^e* 

B, Output 

The output of the iseasurdaint system is discussed 
briefly for cc»apl«tehcss of the analytl<ml m>del used 
aM should be further analysed when an acceptable output 
can be obtained* The output is dependent on the readout 
device used and will either be In the fom of visual px'e- 
sentatioh or a time history. Assusiing that the self-pro- 
pelled ship t^odel produce© useful output for only the last 
fifty feet of its tank run and depending on the ©peed of 
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th« ciOiltI, th« (Sftta collection perioa will b» about ten 
to fifteen seconds* 

Bata analysis teohnlQues are thoro'Ughly discussed in 
references such as the Shock and Vlbx^tion Handboo k, 

Voliirac Z, by Harris and Credo (!}^9) and Statistical ^eory 
of CoRffiatnlcations , by Y. v^* Lc© (50) o Reference (43) 
discusses a data analysis tech.nlque In use at the Itotherlaruls 
Ship Hodel Basin that pst)diices a noise-free composition of 
the dynamic phenomena observed * Reference ( 4 ) discusses the 
cesRputer aided data analysis techniques used at the David 
1!aylor Hodel Basin* These references should prove useful 
for anyone oontemplatinK the desisn of a sensitive propulsion 
dynamise ter. 
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IV. C0HCLU3I0HS 



Iv It Is tlmt the ssnsitlvs propulsion 

d3ma3RQ!.^tor be ospable of me&siu*ing the follo*<«rlng (Quantities: 

s. Highest frequency of interest * 200 cycles 
per second* 

b. Highest mean values of inte3«est (full speed) 

Torque * 2.30 inch-ounces 
Thxnuit » 0.32 pounds 

e« Bimallest variation amplitudes of intcz*est 
(65?6 full speed) 

Torque « 0*0092 inch-ouncc 
Thrust « 0.0032 pounds 

d. Highest shaft rotational velocity of interest 
I® 1200 revolutions per nlnute. 

2* Based on the analysis of disturMnces or m>ises: 

a. I^easureifrjent systmis natural frequency siiuit be 
high to eliminate the effect of props llor added mass 
and damping* 

b. Isolation and dai^ing techniques are required 
to eliminate the effects of prime mover vibrations. 
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c. A stern tube bearing and shafting system can 
be designed such that the stern tub© torque losses are 
constant. 

3. Based on the analysis of the measurement systems 

a. Use of a transmission dynamometer is preferable. 

b. A fixed reference instrument must be used with 
the reference point on the shaft. 

c. Strain or displacement are desirable as 
measurable quantities. 

d. The measurement system natural frequency must 
be at least ten times the highest frequency of interast 
to prevent amplitude and phase distortion. 

e. Techniques at or near the state of the art 
must be employed to effect measurement of the doslred 
alternating forces. 

f. Pour particular transducer techniques standout 
as the most promising for effecting the measurement of 
the alternating forces: 

1) A photoelectric technique employing photo- 
conductive cells to measure light Intensity variations 
resulting from torque variations. 
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2) An electron tube transducer extroKsely 
sensitive to displacements resulting from thrust 
variations* 

3) A piesoelectric transducer extremely 
sensitive to strains resulting from torque and thrust 
variations* 

4) A variable capacitance transducer repre- 
senting possibly the best technique for measuring torque 
and thrust variations* 
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V» riH-CQj^MSKDATIOHS 



On th# Mdls of practicalit;^, tlis auiihoi^ ^ooin£r]0{id 
than A aonsitivo pwgsulaiou f^aimbio of ma- 

awpirig only the mean valuss of thunaat arid tOK^uo he 
developed for the assail ahlp saodal. Ir; ord^r to effect 
this developisent , a s'earialy^ls of the eIo»r»te of the 
mmAKiromnt system Riust he conducted auch tMt the optl- 
jstaa i^easumbl© quantity aofciiated, ttmt the appsjsDpPiato 
tran.©duaei* and associated equlsfesent i» selected, and that 
the best output analysis teehniquoa m*& eiaployed, 

2t is further recojraaended that tJ'i® sioasurassant of 
man values should bt successful before consideration be 
given to the developsaent of a sensitive propulsion dynamo- 
mter capable of measuring the altenmtlng force*. In 
the event the measurement of the alternating forces is 
undertaken, the following recoeimndationa are mades 

1. Us© the Stem !3Ribe Bearing Design Procedure 
to determine the bearing and shaft design. 

2. Conduct a freqmncy analysis of bearing noisos. 

3. Further investigate and select the best of 
the four most promisij'ig transducer techniques. 
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If ©ither type of djniaiaoaoter is to b« 

dovelopod;, it Is rftcoisssftnded that propor oalib]?ation 
techniques be developed and that the raethods of signal 
reaoval fi?OK the rotating shaft, partlouiarly the dialect 
connection method, be further investigated* 



-112 



r^iiA mm j n 



# - • «3 I 






AFFSI®^ 



-1 "> “ 3 .- 
^ 



4 









Appendix A 

Detercilnation of Desired Inputs 



1. fican or average values 

Parent data of several ships can be scaled to 
deterifiine anticipated values of mean forces and velo- 
cities for small ship models. Model scaling rules used 
are those presented in reference (51) and are: 



% = 





“ VT Mj, 



where T « thrust, Q » torque, V » velocity, H ~ RPM, X » scale 
factor, and subscripts refer to either model or parent, 
a . Parent data 

Mariner (from reference (52 )) 

LOA 563*% feet 
LB? = 528.5 feot 
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ijce (53)) 
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*= 271,000 (10 kts) 

» 375,000 (12 kts) 

« 526,000 (II}. kts) 

» 920,000 (18 kts) 

« 1,260,000 (20 kts) 

« 1,890,000 (22 kts) 
LIL ^ w 20 feet (parent 2) 



b. Model data 
Mariner 

LOA ^ 5.895 feet 



V(kts) 



T(lb. ) 

3.0 

5.3 



10 

16 

22 



13.0 
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Qp(ft-lb.) X 12 X 16 

0.331 X 



* 0.773 in.- 02. (li*. kts.) 

« 1.805 in.- 02. (20 kts.) 

» 2.24. in.- 02. (21 kts.) 

5'm ' Mp 

* 623 RPM « 10.5 HPS (lij. kts.) 

« 720 RPM ** 12.15 RPS (l6 kts.) 
» 828 RPM « 13.3 HP5 (l3 kts.) 

» 938 RPM « 15.65 RPS (20 kts.) 

» 993 RPM » 16.6 RPS (21 kts.) 

V 

V » ^ 

VT 

iij 



* ytsS 



21 



« 2.1 kts. 



S.-ries 60 



V^L = 5.0 ft. 

H “ ^ 



'{T~^ « 10.95 
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Qp 

% " TT 



h 



(120p « 2.075 X 10 




Qp(ft.-lb) X 192 
2.075 X 10^ 



(in. -oz) 



» 0.251 in. -OK. (10 kts.) 

K 0 . 5 i {-7 In.-oz. (12 kts.) 

!= 0.852 in. - 03 . (l 8 kts.) 

a 1.165 in. - 03 * (20 kto.) 

*= 1.75 in.-oz. ( 22 kta.) 



^2 

« 0.d4.69 lb. (10 kts.) 

« O.OS3 lb. (16 kts.) 

« 0.203 lb. (22 kts.) 



Np *Vl20 a 10.95 
a 444 « 7.4 HP 3 (10 kts.) 

» 532 RPM » a. 86 RPS (12 kts.) 

a 711 RPM * 11 . S 5 BPS (14 kts.) 

a 830 RPM « 13.34 EPS (18 kts.) 

a 954 RPM = 15.9 RPS (20 kts.) 

a 1130 RPM * 18.8 RPS (22 kts.) 
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Tanker (from referonco (5I4. )) 



Lift * 5.708 feet 

A a 62.5 It. 

S = 6.351; ft.^ 

\p ^ 0.970 slugs/ft. 

t * 0.11; 

^^desigaed’' kts. 

Vj^(kta.) Vg(kts.) 


10 


0,992 


10.9 


5.011.6 


1,14.50 


15.9 


5.217 


1.688 


18.5 


5.1;2i; 


2.009 


22,1 


6.918 



where 3 - wetted surface 

p *■" water density 
t » thrust deduction coefficient 
» total resistance coefficient 
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0.101 lb, (10.9 kts.) 

« 0.225 lb. (15.9 itto.) 

» 0.315 lb. (18.5 kts.) 

* 0.57 lb. (22,1 kts.) 

last value of » 0,57 lb, is considered to be 
above the norrnal range of power level and will be dropped 
from consideration* 

2. Variations 

The literature provides results of dynamic Kseasurement# 
of torque and thrust variations. Table iv is intended to 
be repi^sentative of these dynamic measureraento and is 
developed from data presented in reference (55 ), All the 
data in Table IV is presented only for the full power con- 
dition. Figure 6. taken fi'om reference (56), demonstrates 
the trend of dynamic laeaourements as a function of speed. 

It can be seen tliat although the amplitudes of force varia- 
tions expressed as peresntages of the msan values decrease 
with increasing speed, the absolute magnitudes of the ampli- 
tudes Incx'eas© with inci*oasins speed. Hie values of interest 
are the smallest absolute variations, thus the values pre- 
sented in Table IV r.ust be scaled to a lower speed or power 
level. Assuming that Figure 6 is representative of the 
relationship between force fluctuations and ship speed, 
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Results of Dynamic Torque ajad Thrust Measurements 
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Values taken from reference (56)* 
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Thrust Fluctuations 




Torque Fluctuations 



, Thrust and Torque Fluctuations of the Propeller 
as a Function of the Ship Speed 
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Figure 6 




I 

i 



the following procedure will be used to deterwine an* 4 >litude 
variation at speeds approximately 65 o/o of full speed 
(assumed to be the lowest speed of interest)* 

a. Determine the absolute amplitude variation 
at full speed using the knovm p»i*centase 
variation. 

b. Find the absolute amplitude variation at 
reduced speed by multiplying the value 



The speed range of Interest has been selected to b® the 
sai^e as in Figure 6 ,l,e. (>5-100 o/o full speed. Ihls 

procedure is admittedly arbitrary and subject to question, 
but the authors consider it to be sufficient for estimating 
the smallest force values of Interest. 

Several conclusions can be drawn l^blo IV concerning 

the harmonic components of th® torque and thinist variations: 
a* The first harmonic component of li-bladed 
and 6~bladed propellers is the most 
important. 

b. The fli^t and second harmonic components 
of 5-bladed propsllors are important- 
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c« The torque and thinist varlatiorsis of* 
the 4-^laded propeller* are much 
larger than the variations of 
pj'opellers, 

d» Variations of thrust are larger than 
variations of tovqxx&f percentage-wlc*. 



Representative values of torque and thxnist variations, 
at speeds approxlisatoly 65 o/o of full speed, to be used 



In the Analysis section are* 

Torque 

i}.-bladed 

0.5iS-5 X o/o » 2.6 o/o F.S. 
(first harmonic) 



Thrust 

i^-bladed 

0,54-5 X 8.8 o/o « 4-*B o/o F.S. 
(first hannonic) 



5-bladed 

0,545 X 2.0 o/o = 1.1 o/o F,S. 
(first harmonic) 

0,545 K 0.7 o/o * 0.4 o/o F.S. 
(second hai«.sonle) 

5-bladed 

0.545 X 2.4 o/o « 1.3 o/o F.fv 
(first naj?»i<nic) 

0.545 X 1.8 o/o « 1,0 o/o F.S, 
(second harrionlc) 



Tills eseans tliat the sisallest value of interest of torqu«' 
is 0,4 o/o of the full scale value, and the srallest value 
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of Interest of thrust .Is 1.0 o/o of the full scale value 
over the ratine 65 to 100 o/o full speed. Ihe second 
harcTonlc component of blade rate with a 5*-bladed pro- 
peller detemlnes the smllsst value of interest for 
both torque and thrust. The range of frequencies of 
interest Is from shaft rate (RPS) to the second tiarraonlc 
of blade rate for a 5-“bladed propeller (2 x 5 x RPS). 
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Appendix B 



Dealgn ?t»ocedure for the Stem Tub© Bearlnjs;; 

Reference (17) reports the results of a conprehensive 
program which obtained data not previously reported and which 
provided new inforimtlon essential to a fsore oonplete analy- 
sis and design of journal bearings. Digital computer tech- 
niques v/ere used to solve the fundainental equations and the 
results are presented in charts and tables which permit 
the deternnlnation of friction, film thickness, flow, tempera- 
ture rise, etc,, for bearings tovlng aircs of 6o, 120, 130, 
and 360 degrees for the widely used case of a bearing length 
to shaft diameter ratio of one. The procedure developed 
for the design of the stem tube bearing of the small ship 
nodel is an application of the information reported in 
reference (17 ) * 

The following nomenclature is used In this design 
development: 

W a load, lb 

n a shaft rotational velocity, rps 

R a journal (shaft) radius, inches 

D « 2H = 5 ^ shaft diancter, inches 

L ® axial length of bearing, inches 
P ss load per unit projected bearing 
area « W/2H, psi 2 

li w viscosity In reyns, lb sec/ln*^ 

C » radial clearance, Inches 

P » friction force on journal, lb, 

f » F/ii « coefficient of friction 

« angular length of bearing arc, degrees 

S » (R/C)^pn/P » bearing characteristic number, 
or Somimrfe-ld mimber 
K,K* « constants of proportionality 
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Chart 3 of refers? nee ( 17 ) is reproduced as Plsure ’ . 

The following pertinent calculations are based on this 
Figure, a fixed, 36 O degree bearing conf lgui*atlon , and 
the fact that model testing will be conducted at a con- 
stant shaft rotational velocity. 

S « (R/C)^ pn/P « (R/C)^ M-«2RL/rf * K/»i 

Torque loss * Hi? « (ly'C)f (Crf) 

Prom Figure 7 : 

(VC)f 20s, .k ^ B 

(R/C)f « 203, .1 ^ S ^ .I 4 . 

Therefore , 

Torque loss » 20CWS « K*WS » K‘K 

Thus, torque loss is constant for a beariiig that 
operates in the range, S ^0.1* Ihe problem, then, is to 
design the stem tube bearing to operate in this range of 
bearing characteristic nmsbers. The fiml bearing design 
will establish values for R, L, and C. The constraints 
of the design am the range of n for which different model 
tests will be conducted and the range of W within which 
shafting system weight and balance must be desigi^ed. 

Figures 8, 9 and 10 show a plot of the upper limit of 
bearing load versus shaft rotational velocity for the design 
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Coefficient of Friction Variable, (R/C)f 
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Bearing Characteristic No., S s (R/C)^N/P 



Fifure ?• Relationship Between the Coefficient of Friction 
Variable and Bearing Characteristic Number for Bearing Arc 
Length of 360®, 



-> 128 - 



parar’Qter'S , shaft x^dlus and radial alsarance. The following 
equations were used to prepare these figures s 



p « 2 X lO^^lb. seo/ft^« 1.39 X lO””^ lb. sec/in^ 
for fresh water at 70 degrees F. 

The range of Interest for n v/as previously determined: 

13 ' n 20 rps * 

Model sis© liralts the i^nge of interest for R: 

0, 125 ^ a ^ 0. 1875 inches 

CoBimon practice places th® rang© of interest for C: 

0.00025 0.001. 

Shaft i^dius and radial clearance should be chosen such 
that the allowed range of bearing load, , is as large ac 
possible. Thus, any bearing load variations which cannot 
be eliminated are still within th® range for a constant 
torque loss, Ihe choico, however, is not so simple as it 
seesjis. Although the range of allowed bearing load increases in 



S « 



(R/C)^ pn/P - (R/C)^ pn2RL/V « 



Solving for W, 




Substituting S » 0.1, 

1-/^ = upper limit bearing load » l|0pnR^/C^ 
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proportion tc while shaft weight only increasee in 

p 

proportion to R , the mss of the shaft system r.ust he 
compatible with the overall mass allowed by the frequency 
analysis. The frequency requirejuents are discussed in 
the Measurement System portion of the Analysis Section, 

It is the opinion of the authors that Teflon would 
be a good bearing material for the stern tube. The use 
of Teflon, however, and of plastics in general, for 
bearing material should b® Investigated further prior to 
application to the small ship model. Reference (57 ) should 
be consulted for this investigation. 
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Upp<zr Limit 3<zarmg Load ~.W^ . (ounces) 
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Appendix. C 

Procedures for the Dotersilnatlon of f^ieasured Strain and 
Other Measurement Syatea Parameters 

This Appendix develops several parameters for use 
in the dynamic analysis rcqui3?ed for the actuating device. 

It also presents suggested procedures for the determination 
of measured strain resulting frora a particular measurement 
system conflsuratlon. Since the analytical models developed 
in this Appendix are those used for the dlsplac®ment-8ensl~ 
tive actuating devices, much of this discussion applies to 
both strain and displacement types. 

1 . Determination of model propeller cliaracteristics 

The model propeller weight, (W ) , can b® approximated 

P M 

by an eqviatlon presented in reference ( 58) : 

^ » K D^(M‘4R)(BT?) 

P P 

whei*e 

k * 0,20 for 3 M&ded propellers (bronze) 

“ 0,26 for i4. bladed propellers (bronze) 
propeller diameter 
M'rfH * mean width ratio 
BTP *■ blade thicicneas fraction 
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By appropriate scaling from a Mariner parent with 
L « 520 feet, « 22 feet, * 5 feet; 

(Dp)^ » ^ 0,2115 feet ^ 2,5k inches 

Assuming values of M^v'R « 0,4 and BTF 0,05, 

(W ) « (0.26)(2.54)^(0.4)(0.05) 

P H 

a 1,05 ounce (Schoenherr propeller) (bronze) 

This is only an approximation and could be reduced by 
selection of a lighter material such as aluninum. 

(M„) - 0.31 (K ) 

^ Alumlnuin ^ Bronze 

Th® model propeller moment of Inertia, (I^) , can 

P K 

be obtained from the expreaslon: 

Ip . 

where m * propeller mass 

k « radius of gyration 

» (0,2 - 0,22)Dp 
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Assuming (W ) ~ 1,0 ok. » 0.0625 lb. , 

P M 

(Ip) . (0-0625)|0^22 X 2,5»)^ 

IJ ..91 X 10”*^lb, in. sec, ‘^(bronze Schoenherr propeller) 

This inertia is then increased by 25 0/0 to account for 
entrained water. 

(1 ) “ 613 ^ lO^^lb.in.oec. (bronze Schoenherr propeller) 

» 287 X lO^^lb. in. sec. ^ (aluminurs Schoenherr propeller) 

2 * Suggested procedure for the determination of measured strain 
a. For thrust measurement 

Having selected a desired thrust actuating device natural 
frequency from dynamic considerations . a value for thrust 
system inass is assumed. This will include the mass of 

the propeller and hub^ entrained water, some shafting, and 
possibly some instrumentation (depending upon the relation 
of the thrust senslsig and torque sensing systems on the 
propeller shafting). Equation (1) is solved for the allowable 
actuating device stiffness, k^. 
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( 1 ) 




k 



1 



D 



Assuwing that the actuating device configuration is 
cojsposed of four mutually perpendicular cantilever beams, 
a simple cantilever analysis Is rrade using the deflection 
equation; 




where x is the deflection of the end of the beam, P is 
the applied load < f for this case), E la Young*, nodulua, 
and I la the moment of inertia of the bears cross-section 
about its mid-depth. 

Substitution of P - ^ and rearranging gives s 

t3 

The measurable strain value is obtained from the 
relation; 



e 



TLc 

ror 



where c is the distance from the beam navitral axis to the 
outermost fiber, or the beam half depth. 
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Tho values of L, E, I, and c are then selected in 
such a vfay as to BjaxlaiEe th@ value of strain. There 
are four R>ajor constraints placed upon the configuration: 
the stiffness of the shafting must be much greater than 
the stiffness of the actuating device so that most of 
the deflection of the system occurs in the actuating 
device; the natural frequency of the cantilevers must 
be at least ten tines th® highest frequency of interest; 
the cantilevers nust have sufficient space to allow for 
the proper mounting of strain gages; and the naximun 
cantilever length Is United to 0.5 to 1.0 inch by the 
cleared space available within the model hull around 
the propeller shaft. 

The mass resulting from this procedure is then conpaxNsd 
to the mass assumed for the solution of equation (1). This 
procedure is repeated until the assumed value and calcu- 
lated value of mass, are in agreement, Tli® value of 
strain obtained from this procedure is an idealized value, 
and usually will not be the value of strain detected by 
the strain gage. This must be recognized in the design 
stage of th© dynamometer development. 
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A sample calculation is rade using the above procedure 
to indicate a typical value of strain resulting from a 
cantilever thnist actuating device configurations 



Assuming; *= 2000 cps 

u * 2. 5/3^6 oz.(n*ass) 

L ^ 1 in. 

E 10 X lO^psi (aluminum) 

^1 ^*32 lb. (highest value of Interest) 

?2 0.0032 lb, (lovfest value of inteirest) 



k, « m a •« 

1 m 



2.5(2x 2000) 



I 



«« 63,900 lb. /in. 



k,L^ 

^ 

12s 



(12) (10 : 10'^) 



0. 000532 



in. 



4 



I 






^ b h^(for rectangular beam) 



where b = cantilever breadth 
h » cantilever depth 
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Assuae ainiauw b » 0*25 in. (for laountins strain gage) 
0.000532 “ ^ (0.25)h^ 

«> ■ 

» 0.0255 in. 
h «■ 0.29?j. in. 



K 0,147 in. 




TLc 

pi 



(4) (10 X 10'^) (0.000532) 



2.21 riicroln, /in. (microstrain) 

^ 0,0221 mlcroln./in. (inicrostrain) 



This configuration would then be refined and optimized 
as sho5fm, but these values of strain are eoariewhat represen- 
tative of the irsagnitucles produced. 

Ihe use of a thin-walled cylindrical actuating device 
for the production of axial strain is not developed. In 
general, higher strains can be produced by a bear, arrangement 
similar to the type analysed. 
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b. For torque meaourerient 

The procedure for detorwining the values of strain 
resulting frora a particular configuration to iseasure torque 
is similar to that for thrust* For the case of torque, 
however, the selection of an appropriate dynamic analytical 
raodel is more complex. For the preliminary analysis, a two 
laasa system connected by a spring element issay be used. This 
spring, or actuating device, actually occupies a fractional 
portion of the length of shafting connecting to the two 
jaasses in the analytical model. This point will be clarified 
as the analysis progresses. 

•Bie desired actuating device natural frequency has been 
determined as in the thrust measurement procedui»e. The 
moments of inertia for the two end masses of the analytical 
model are then assumed. One mass, consists of the pro- 
peller and hub, entrained water, some shafting, and possibly 
the mass of the thrust measuring actuating device and trans- 
ducer (dependent upon the fore and aft arrangement of the 
torque and thrust system). The other consists of 

some shafting, possibly the torque transducer and associated 
equipment, and a flywheel. The flywheel is necessary to 



mm ft 



m utMOfm 

•vt M ftf mrUmmi mUM 
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dawp out any drive raotor noioe or other vibrations discussed 
in thG Input section of this thesis. E^^uation (2) is then 
solved for the allovmble actuating device stiffness, k^. 



m 



X 



T'“" 

1 -^2 



( 2 ) 



This value of stiffness is then introduced into the 
following equation which relates the various actuating 
device parameters: 




whore Q io the actuating device rnodulus of rigidity, I is 

Jtr 

the device polar moment of inertia, L is tho device length 
and ji, Is the Poisson’s ratio for the device mterlal. 
Strain, ^ , is detemined by the expression: 



where Q is the torque value of intex'est and E is the radius 
of the actuating device to the outermost flbex's. 

The obvious way to pz*oduce the raaximus strain is to 
select a mterial with the simllest modulus of rigidity 
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and a configuration kitn tna largest radius and length, 
hut the sirallest polar liioi ent of inertia. The following 
constraints, ho’wevor, liiiilt the extent to which this isay 
be done: the actuating device will exporienc© creep as did 

the Saran device of reference (8)s the Increase of R and 
a decrease of 1^, acting contrary to each other, requires 
the use of a thin-walleci aectlon which my fail under 
applied loads; the raixinuin radius is United to the same 
0,5 to 1.0 inch clearance space that limited the thrust 
device; the Increase of length Increases the possibility 
of shafting whirling oi' other radial deflection; and the 
portion of the shaft not included in the actuating device 
must be a:uch stlffcr than the actuating device so that the 
actimtlng device deflects to its mxlm'oi*. extent under the 
applied loads. 

Consideration should be given to the use of a 
cantilever-type device similar to that discussed for the 
thrust caoe, but with the flejcural deflection taking place 
in a torolonal direction. Ih© equations for the amlysis 
of this type device arc preaented in reference (12). 



- 143 - 






'^nlA&lii^ Uh' -^T-^it^<L Ic- ^r* • • >» 

C»* -'*'* *tS ^..oabi^ «»« a^4iX ^ca^aai^aua* 

Ali# ^11 ••--»H*r«*^ tr^tn ^uijQiaok^ yrf<^ «Miir «d 

fci tW »1J t(Cl t •■>««^^ ?4 <4ll't 

••4% ## ^*=»*#« •- •* fc^i* . ^ %S ► *'•)«'%!!• V 

Vli^ftll JaS i,iL, . ••'^v 

Jj)(r i.Hfl UX li «n<trxk^ ;g$M< Lulfki/^ 

'■j*^.i i«.'v «4r .'41 fmtf ^ sq^^S.y A^tS ’C*,! •• 

t^JLi.*' f»«| «“ o*4r«^4«4 MS 

Mil r<u I iaiwr i« •» 

•» i r 4'J.ff ftai ^«4 >t>Q% 

1|W •# *©!',-«=» » .*• ,p 1 ■ itafti' • I* i%Mtt 

I0e .t^-e» f4i ^ ^.4I.*» 

• ». ( ,. *^ i w* 

> -*<^ J^-t vl J)W^ “* ‘ft'r*~tf r^ ^ 

-<• ^ •-••«>. .1* #iu4*j a« ♦^;-'-»*»li3«ssi«- 

• || t ^ *«|((' tf * ' ‘tfcl 

I ^ , i C-. • 1- *a>t 3*l( #«f{« ?-’l'*J *»^ 



:4i- 



Appar41x D 

Principles of Tr&naduoar Operation 

Tlie four raaln groups of mechano-electrlcal transducer 
eleujents arc: variable parar.eter analog, self -generating 

analog, fi*equency or pulse generating, and digital, ^e 
principles of operation of the types of elesients within 
each group arc briefly discussed in this Appendix, liie 
descriptions are basically those of the transducer references 
(13* 22, 27, 38, 40* 59) » Tnese references Include detailed 
descriptions and perforasance charecteristics and should be 
consulted where additional Infonnation is desired. Specific 
references are given where the treatment of the element is 
of particular note. 

1. Variable parameter analog 

The variable parameter analog transducers produce an 
output which is a proportional fraction of an original 
resistance, capacitance, or Inductance, The cliatiges in 
resistance, Inductance* or capacitance caused by the motion 
of the actuating device are translated Into corrusponding 
voltage or current effects. 

a. Variable resistance transducers 
The resistance of a potentiometer is variad by sliding 
an arm across a number ©f wire turns, Potentior-oters arc 
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not considered applicable for njeasureraents in the Binall 
ship modal because resolution is limited by the number of 
tfilre turns and their imlformity from turT\ to turn. Their 
response to higher frequency measurements is also restricted 
due to the inertia of the arr^ and the tendency of the sliding 
arm to bounce and break contact. 

Strain gage transducers are of two types: bonded and 

unbonded. The bonded type incorporates single-bonded wire 
gages ^ mtal foil gagas, or semiconductor gages. Hi® wire 
gage operates on the principle that its length and diameter 
are altered, when it is stretched elastically, resulting in 
an overall change of resiotajice. The metal foil gage utillces 
a Btitiin sensitive grid. Its significant advantages Include 
li^roved hysteresis, fatigue life, and lateral strain sensi- 
tivity, in addition to improved transmission of strain from 
the test surface to the gage. Semiconductor strain gages use 
plesoresistive solid-state materials as strain elements to 
provide eenaitivity almost tvio orders of mgnitude greater 
than wire or foil ^ges. Temperature sensitivity is thair 
major disadvantage. 

Bonded strain gage transducers are rugged, relatively 
simple and have excellent linearity and hysteresis characteristics. 
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Sufficient actuating energy larast be available for good 
results because of low sensitivity in the wire and foil 
gages and United lower range perforasance. Use of the 
semiconductor gages is more promising, hov?ever, because 
of the increased sensitivity. 

The unbonded type of strain-gage transducer consists 
of a stationary frame which supports a movable annature. 
®ie strain sensitive wli^ is strung under initial tension 
as a filament between pins located on the fraiaa and 
anrAture. As the armature is displaced by the external 
force, the strain increases in one pair of filaments and 
decreases in the other pair. Unbonded strain-gage trans- 
ducers are used most advantageously in the measureaient of 
low magnitude forces, 

Stmin-gage transducers generally possemexceXlent 
frequency response in both the high and low ranges. They 
can be nede quite small, less than one cubic inch, and 
can be sealed for use \mderwater, 

b. Variable capacitance transducers 
Capacitance is a function of effective area of the 
conductors, separation between them, and the dielectric 
strength of the material in the separation. Variation 
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of any one of th®»e thre® parameters causes a cliange In 
capacitance. change In capacitance with respect 

to plate separation is greater than chanses with respect 
to ai^a or dielectric strength. Ihe advantages of capa- 
citance transducers are srnall size, excellent high-fre- 
quency i‘esponse, high temperature resistance, good 
linearity, good resolution, high sensitivity to small 
displacements , and ability to measure both static and 
dynaiaic quantities. Major shortcomings are sensitivity 
to tenporature, high impedmice output and the compara- 
tiv® complexity of associated electronic equipment. 
Capacitance transducers r.iust be reactively as well as 
rosistively balanced. 

c. Variable inductance transducers 
Variable inductance transducers us© the cagnetic 
properties of core materials and air gaps to alter the 
self-inductance of fixed coils. When the reluctance of 
a magnetic circuit is altered, both the inductance and 
the inductive reactance of colls in the circuit will be 
similarly changed. IBnils principle is uasd when the air 
gap in the magnetic cor® or the permeability of the core 
material itself are varied in the transducer. Transducers 
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that use the air gap chang® are known as variable reluctance 
types while those using a variable core pex^eabllity to 
chans® reluctance ax*e known as variable perp«anoe types. 

A descriptive ship model application of the variable 
reliictanc© principle is given in referenc® (6). The 
transducers described, use a differential aj’rangeraent where- 
by one gap is increased as the other is decreased. Such 
a differential arrangeraent has greater sensitivity than a 
single element. An application of the principle to the 
small ship model is given in reference (12). 

Tho variable inductance ti^nsducing eler-ent is used 
riost widely in displacenent-measurlng transducers with 
relatively low natural frequencies, i.e. , transducers with 
usable frequencies below approxiisately 100 cps. 
d. Variable transforj^jcr transducers 
In the variable transformer the mutual inductance 
between two coils and a jaagr^etic field is varied, either 
by a change in the position of the field Itself or by a 
change in the relative position of the colls. Output 
voltage is induced in a secondary wlndlnc and varied by 
the ix)Bltion of the primary. The change In position way 
be longitudinal or rotational. The most coE^son examples are 
the differential transfon>ier and the Selsyxi systcn’is. 
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The typical differential transformer consists of a 
hollow concentric nonnagnetic form, oh which are inounted 
three windings — one priiaary and two secondary. The 
position of a core placed within the coil fona determines 
the relative mutual coupling, and thus voltage developed, 
hetwesn the prinsaiy winding and each of the secondai*y or 
output windings. An excellent description of linear 
differential transfox*r';er® is given in reference (35). 

Selsyn systems are raotorlike devices used to foimi 
rotary position sensing and indicating systems. Many 
specialized, small arigle, high precision transducers use 
one or more of these principles. These transducers are 
known variously as Kagnesyns, Inductosyns, Synchrotels, 
and Hicrosyns and are dcscx*ibed in detail in reference (l])| ). 

Self-generating aimlog 

Self-generating analog transducers require no outside 
source of power and often generate sufficient voltage or 
current to require only siiaple measuring circuitry. Tliese 
transducers may be divided into the following types j 
piezoelectric, photoelectric, electroklnctic, and electron- 
tube. 
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a» Piezoelectric transducers 

Piezoelectric transducers use the principle that a 
force or stress, applied along specific planes of certain 
crystalline dielectrics, produces a relative displaceinent 
of charges within the lattice and thus generates a voltage 
across the crystal. A synthetic ceramic, harlura titans te, 
is free from limitations imposed by crystal stmcture; thus, 
by molding it into different shapes and sizes, an electrical 
axis can be "built in". Ihc piezoelectric transducer is 
simple and rugged, suitable for many applications where 
sufficient mechanical force is available. Its greatest 
disadvantage is its lack of response to stoady~state dis- 
placenscnts or forces. 

b. Photoelectric transducers 

Photoelectric transducers depend upon changes in light 
energy for their operation and seldom load or interfere with 
the phenomenon being measured. Sensitivity and speed of 
response of these transducing olenients are high. When coupled 
with appropriate optical systems, light sources, and ainpli~ 
fiers, they may b© used for a wide variety of physical mea~ 
surei!i«nts. Tliey are classified as photoea<iS3ive , photovoltaic, 
and photoresistive. 
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The photoemisaive sensox’, or phototube, derives its 
electron flow frois a cold cathode which opiits electrons 
when li{^t falls upon its axirface. An external d-c 
power supply is required and a high resistance is placed 
in the cathode circuit so that the curi»ant changes ssmy 
be sensed as a voltage drop across it for amplification. 

Photovoltaic cells require no external source of 
power; incident light striking the interface of two 
metal surfaces causes dli*«ct generation of voltage. Ihe 
voltage generated, however, is In the order of low milli- 
volts, the frequency response is relatively poor, and the 
output is not a linear function of light intensity. 

Ihe photoconductive cell and the photodiode are much 
smaller, more sensitive, and more rugged than any of the 
other photoelectric transducers. The photoconductive cell 
varies Its electrical conductivity in accordance v/ith the 
light intensity It receives. The photodiode and the photo- 
translstox* are semiconductor devices operatirsg on the 
principle that li^t gives enough energy to the valence- 
bond electrons to raise the® to the corduction band. The 
phototranolstor is quit© some being no larger than 
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a mtclT^eaci } they are adapted for appllcatioiis where a 
large number of individual, light-sensitive elements are 
required in a small area, 

c, Electroklnetlc transducers 

The electroklnetlc principle utilizes the electrical 
signal generated by a minute flow of polar fluid passing 
through a microporous ceranic disk. The potential differ- 
ence produced between the opposite faces of this disk is 
proportional to the applied pressure. Transducers using 
this principle are iiihertntly dynamic instmurjents designed 
to measure periodic phenomenon only. This type of trans- 
ducer is valuable in the measurement of high intensity 
sound and noise. The disadvantages of electroklnetic 
transducers are their inability to measure static conditions, 
poor aero-3:*estoring properties, and diaphragm distortion 
by electrical bias. 

d. Electron- tube transducers 

Electron-tube transducers employ an electron tube, 
usually subminlaturc , with an element or elements free to 
move. The output of the tube varies in proportion to the 
displacement of element position. Force may be measured 
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uaing suitable linking tRechaniSKS to chan^je tbu original 
quantity Into a dlsplacensent. 

High aensitivities can be obtained rfith a triode 
system such as is used In HCA‘s tub© type 57%* Used 
with a load resistor of about 50,000 ohiKS and a plate 
supply of 20 volts, the displacement-voltage sensitivity 
of the system Is in the region of 5 rallllvolts per micro- 
inch of displacement. 

An ionisation transducer uses a glass tub® filled 
with gas under pressure and containing tm electrodes. 

When this tube is brought liito an electric high-frequency 
field betv/een movable plates of a capacitor, a voltage 
proportional to the displacement is induced. Sensitivity 
can reach values of 50 to 100 millivolts per microinch 
of displacement. 

The prime advantage of these transducers lies in th® 
high frequency response of the large output sigmls that 
are produced with very crjsall mechanical displacement. They 
Q.VQ temperature sensitive, however, and rnist b® used under 
control lod conditions , 
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3* Frequency or pulse generating 

Frequency and pulse-generating transducers measure 
physical variables in terms of a pulse repetition rate 
or frequency signal rather than in the form of contin- 
uously varying currents or voltages. Because frequency 
is an aimlog quantity and depending on how their output 
Information is handled, these transducers my bo considered 
as either analog or digital devices. Included in this group 
are frequency modulating, frequency generating, and pula© 
counter transducers. 

a. Frequency modulated transducers 
The two principal forr.s of WH transducers are the 
vibrating wire and the variable reluctance sago and oscillator, 
Th® vibrating wire transducer contains a sti-^tchsd wire 
min element which is placed in a. magnetic field and min- 
tained in vibration at its natural fraqucncy. Upon applica- 
tion of a force to the actuating device, the tension in the 
wire changes. In this manner the mechanical displacement 
Is converted into a change In frequency which is inversely 
proportional to a positive displacement, 

Ihe reluctance gage and oscillator includes a tiny 
oscillator circuit as an integral part of the tx’anaducor 
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housing. A change In reluctance, thus Inductance, of the 
unit, produces a proportional change In th® output frequency 
of the oscillator. lEhe capacitance in the oaclliator cir- 
cuit could also be changed by displacement, but this type 
is not so common. 

b. Frequency-generating transducers 

Prequency-ganeratlng transducers produce a simple 
series of voltage or current pulses, or cycles in propor- 
tion to the change in the physical parameter being measured. 
In particular, pulse-generating pickups operating with the 
principles of variable reluctance or the phototube and light 
source combination are most reliable. 

The electi* 023 agn«tlc reluctance pulse pickup is a small 
permanent iiagnet on which is wound a coil, Ta© field of 
the jmgnet is varied monentarily by the motion of external 
rngnetlc body passing near it. A voltage pulse is generated 
at the coil because of the change in flux surrounding the 
coil. This principle is often used to m^jasurc shaft speed. 

Tiie phototube my be used to detect rotation and other 
motions either by the intemiption of the light beam or by 
the detection of translucent and opaque portions of moving 
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coEspononts. Methods used include sensing the reflection 
of a white spot on a rotating shaft and sensing light 
"beam interruptions caused by a perforated wheel. The 
series of discrete pulses produced are counted over a 
precise time interval. 

1}.. Digital encoders 

Unlike analog transducers which are ei>aracterlzed 
by proportioml r^eaeureriiant , or pulse rate transducers , 
characterized by proportional counting, digital encoders 
and encoder transducers produce a distinct coded output 
signal, /la the physical variable changes, the incremental 
state of the output coded sigtml changes in such a manner 
as to represent the nevf value in the form of a rsenambiguous 
coded value. Time sa.^:pling is not Involved and the trans- 
ducer output sray be scanned at any ddBired 3?at« to readout 
its new value. Digital encoders produce a true digital 
output suitable for direct entry into digital computers or 
data handling systems without further oonversioii, 

Tho shaft position encoder is the m-ost efficient of the 
digital encoders. It conslata of a shaft attached to a disk 
rack or a druxs with a digital coded scale. The scale nay be 
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formed with either a combination of conducting and noncon- 
ducting areas of a combination of translucent and opaque 
surfaces. There exists a definite coded form for each 
discrete position of rotation of the disk. Resolutions 
are from 100 points, for a two inch diameter disk, to 
50,000, for ten inch disk, unique positions per 360° turn. 

They are readout by either a series of brushes' or a photo- 
cell arrangement. 

Rectilinear encoders are linear scale transducers vj-hich 
have the same basic advantages as the shaft position encoders 
described above. These devices utilise the same principles 
as the rotary type except that the scale is made over a linear 
range and motion is a rectilinear displacement which produces 
the coded output presentation. 
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Description of Signal Conditioners 

The types of signal conditioners described in this 
Appendix are classed as follows* input modification and 
instrumentation amplification. The descriptions are 
basic and no attempt is made to describe all types of 
signal conditioners. These descriptions are taken from 
the transducer references (13,22,27>3 ,4.0*53) which should 
be consulted where infoxm:ation in addition to that given 
here and in the Analysis is desired 
1, Input modification 

Input modification may accomplish any of the followings 
conversion of the output Into a voltage, current, or digital 
code; stniightforward amplification of the transducer output; 
filtering out of unwanted frequencies from both transducers 
and associated circuitry; and impedance matching or signal 
attenuation. The most common circuit forajs used are: 
simple current -sensitive circuits, ballast circuits, balanced 
bridge circuits, resonant circuits, signal preamplifiers, 
and atteniiators and filters. 
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a. Simple current -sens itlve circuit 

A almple current~sensltive circuit employs any one 
of the various forms of variable resistance elements. 

The transducer is placed in series with a voltage source 
and a current indicator or recorder which senses output 
current. The current variations are caused by the variable 
resistance, 

b. Ballast circuit 

The ballast circuit is a variation of the current- 
sensitive circuit. Instead of a current-sensitive indica- 
tor or recorder through which the total current flows, a 
voltase-sensitive device (some forrj of voltmeter), is 
placed across the trarisducer. Now the voltage variations 
caused by the variable resistance are sensed* 

c» Balanced bridge inputs 

^0 most common single transducer circuit configuration 
ia the Wlieatstone resistance bridge and Its e-c counterparts 
for Inductance and capacitance. Strain gages and transducers 
incorporating them arc almost always connected in this con- 
figuration. Similarly, many other types of sensors ax^ used 
as one or more active arms of the four-arm bridge circuit. 
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with bridges employing either capacitive or Inductive 
anas, only a-c excitation is used. Voltage regulation 
is critical because of the effect on output due to a 
change in excitation voltage. 

d. Resonant Circuits 

Capacitance -Inductance combinations present varying 
impedance, depending on their relative values and the 
frequency of the applied voltage. When connected in 
parallel, the inductance offers smll opposition to 
current flow at low fi*eQu®ncies, while the capacitive 
reactance is low at high frequencies, At some inter- 
mediate frequency, the opposition to current flow, or 
Impedance* of the combination is a maximum. The fre- 
quency corresponding to this maximusi effect is known as 
the resonant frequency. If a capacitive transducer is 
used, it could be employed in combination with an inductive 
element to form a resonant combination. Variation in 
capacitance caused by variation in the input signal would 
then alter the resonant frequency, which could then be 
used as a measure of the input. 
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e. Signal pr«aisplifl©r» 

Prsasnpllfi«r» an4 attenuator® are used for signal 
level cimnges, equalissation » or Inpedanc© rmtching. 
Ttajnaduoers with high impedance outputs require special 
treatssent In order to reduo© the errors caused by poor 
impedance matching, Slectroiseters , input transformers, 
cathode followers, translator emitter followers, and 
other circuits are used as isolation or impedance matching 
devices. Preamplifiers arid filters may ho usod to extend 
or reduce the frequency xaiigs of a transducer or reiaove 
imwanted frequencies from the transducer signal. 

f, Attenuators and filters 

norssaliae or scale down the arspXitudes of signals, 
or to eliminate imwanted frequency components , attenuators, 
and filters respectively are used. Attenuators used in 
instruKjontation take mny forms. ¥or a-c circuits above 
5 ke, compensated attenuation circuits aro required to 
ma.lntaln constant phas® shift and provide high frequency 
equaliisatlon. Filters arc used In data inatniricntatlon 
to suppress unwanted frequency component s, select bands 
of frequoncics for separate recoi^irig or Indication, and 
remove the harmonic content of inductance bridge output 
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and carrier frequencj? cosponerits In carrier or chopper 
demodulation. They are vieed to reBiove hum , ripple , and 
noise in power supplies used for bridge excitation and 
to power electronic tseasuring equipment. The simplest 
filter circuits consist of aeries or shunt resistances 
and capacitances. 

2. Instrumentation aisplificatloa 

The following is primarily a discussion of applications 
of instrumentation amplification rather than a description 
of the types. Hie following categories are dlacussodj 
voltage and power amplifiers , a-c and d-c anplif lero , 
chopper amplifiers, and carrier amplifiers, 

a. Voltage and power emplifiers 

Amplifiers used in data instrumentation are of both 
the voltage and power types. A voltage amplifier may be 
employed when in this case, an Indicator such as a cathode- 
ray oscilloscope or a vaeuum-tub® voltmeter might be used 
at the readout device. If a recorder or ©ome form of con- 
troller must be driven, then a power amplifier v/ould be 
necessary to boost the energy available to drive the device. 
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"b. a-c and d-c aKplifiera 

Amplifiers tnay also be classified accordins to the 
character of Input signal which they will accept. Reli- 
able amplifiers that will amplify d-c inputs are diffi- 
cult to design. A constant d-c aKpliflcatlon or gain 
is difficult to maintain. Aa a result » a-c amplifiers 
are used wherever possible. The a-c amplifier will 
accept only varying inputs, whereas the d-c amplifier 
will amplify constant as well as varying inputs. A d-c 
voltage arsplifier therefor® will amplify such things as 
the voltage from a battery as 'well as a varying voltage, 
while the a-c amplifier will ignore a d-c voltage and 
amplify only any varying coiaponents. 
c. Chopper amplifiers 

A simple a-c amplifier tmy be used to arfpllfy a d-c 
input through use of an additional circuit component known 
as a chopper. The chopper is an electrically driven switch 
often driven at either 60 or 100 cps, although a speed of 
ii,00 cps is soroetlnses used. Application of an alternating 
voltage to the driver coll causes a reed to vibrate between 
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a pair of contacts, lihtm a d-c signal input is connected, 
the araplifier receives a chopped or square-wave voltage 
which, being an a-c anplifier, it amplifies without 
trouble . 

d. Carrier amplifiers 

When the input signal inforisation is carried on an 
a-c frequency, the input signal is said to niodulatc the 
carrier frequency. The output from a differential trans- 
former is an example of a modulated signal. The trans- 
former is energized by an a-c exciting frequency. Core 
position, either static or varying, determines the amplitude 
of the output. 

Certain special-purpose ai?3plifiers incorporating the 
carrier source as a part of the amplifier arc referred to 
as carrier amplifiers. Simple carrier systor.® provide an 
a-c output whose amplitude is blind to the sign of the 
input signal. The phase relation between the power souce 
and the output does depend on the sign of the input and lay 
be used to determine it. Fhase-senaltive arrangements 
employed to accomplish this are referred to as phase- 
discriminator or mixer-deniodulator circuitry. 
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Appendix F 

Methods for i»eroovlng signals from a 

Signals ffsay b® ren^oved frois a rotating shaft in at 
l«ast four ways: by direct connection, by telemtoring , 

by US® of sllprlngs, and by inductive, or mgnetic, 
coupling. 

1 , JDi3?ect connection 

When a shaft states slowly enough and the data 

4 

sampling period is not too long, direct connections may 
be rrjade between the transducer and the reminder of the 
Kseasurer<ent system. Sufficient lead is provided and tho 
cable is pQTOitted to wrap itself on or off the shaft* 

If the shaft cannot be stopped quickly enougli at the end 
of a test run, a fast or automatic disconnecting arrange- 
ment could be provided. Shielded cable should be used to 
mininiiKe reactive effects resulting from the coil of cable 
on tho shaft. Althoiigh this technique is somewhat limited, 
it should not be overlooked as a possible means of removing 
information. 
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One possible configuration that the authors suggest 
be investigated is with the wire wrapped on a sntall dia- 
laeter extension of the shaft near the jsotor. Another 
larger drum, or take-up reel, could be located on the 
towing tank carriage. This take-up reel ismy also carry 
an amplifier which rotates with the drujs, ^is aBJpllfied 
signal could then be transaitted through sliprings fron 
th© take-up reel to the remainder of the signal condi- 
tioners. The weight of the cable on the shaft does not 
add to the mass of the actuating device, but simply adds 
to the desired flywheel effect at the motor end of the 
shaft, 

2, Telemetering 

Telemetering Is the process of actvially transmitting 
the information through the use of a radio-frequency 
transmitter mounted on the shaft, and picking up the sig- 
nal by a receiver placed nearby. This method has been 
used successfully on large rotating shafts ( O ) , and 
equipment has been perfected for more generul and snail 
shaft use by at least on® manufacturer ( i). The cost of 
such a system often makes the arrangement impractical for 
general use. 
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3* Sliprings 

*nie roost coaroion method for removal of information 
f3TOS3 rotating shafts Is through allprings. In the small 
ship model application, the signal voltages may be in 
the oiHler of millivolts, or fractions of millivolts. 
Resistance variations within the slipring-brush combina- 
tion can be as great as or greater than the variation 
of the resistance in a strain gage, and extraneous voltages 
can be generated within the sliding contact which will 
swamp the signal, or peximps give the same appearance as 
the signal itself. 

References ( ' 2 ) and ( 3) present the roost complete 
and comprehensive discussions of slipring instrumentation 
problems, applications, and coroaiercial information that 
the authors were able to locate. Ko attempt will be made 
lai this thesis to cover this same material; however, there 
are certain facts which merit discussion. 

Brush noise is classified by Motslnger ( >) as 
follows: 

a . Brush bounce 

Brush bounce is a circuit interruption that occurs 
when adverse acceleration forces cause the brush and ring 
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to part conspany periodically during the rotation cycle. 

Tills is the Kost serious noise component because the 
disturbance can be in the order of volts. 

b. Resistance itjodulatlon 

Resistance modulation describes the inconsistent 
electrical resistance at the brush “Sllprins Interface. 

The stea<^-state portion of the resistance (running about 
2 ohms) is of little consequence to the system, but a 
variation of one-tenth of an ohm is equivalent to 500 
iRicrostrain. For the sirall ship model application it 
is desired to distinguish strain amplitudes ranging from 
about 2,2 microstrain (highest value of Interest) to 
about 0.022 microstrain (lowest value of interest). 

c . Thermal EMF * s 

Therwsal electromotive forces are created by the 
heat of friction and the dissimilar materials in contact, 

A virtual network of thermocouples are present, generating 
random signals in the micro-volt region. Regardless of 
workmanship and choice of circuitry the minimiua noise level 
will be detomlned by these thorjaal eaif*s. 
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To better acquaint the authors vfith current state- 
of-the-art type sllprixigs, several visits to the M. I.T. 
Instrumentation Laboratoiv were rade. It was determined 
that the MOD J l6 Pendulous Integrating Syro Accelerometer 
under development utilizes a low noise sllpring with a 
maximum acceptance noise level limit of 10 microvolts 
per milliampere, peak-to-psak* Ihis slipring is designed 
for use at slow revolutions only, however in the order 
of 3 -h HPM. The size, configuration, and noise specifi- 
cations for this sllpring may inake it acceptable for use 
in the small ship model; however, more information is 
needed on its wear properties and noise levels at higher 
rotational speeds. 

The noise specifications given in refeironce ( 4 ) 
appear to be at the state of the art in precision slip- 
rings. This is an advertisement for a sllpring with a 
noise level claimed to be only 3 microvolts per mllliampore, 
peak-to-peak (3mn.) with rotational speeds up to 3000 RFM 
and with a life exceeding 1000 hours. The cost of either of 
these sliprings (not known to the authors) may prove to 
be prohibitive for use in the M.I.T. facilities. 
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The use of mercury sllprings is attractive because 
they ©Itelnate brush bounce. Hoise levels below 20 
microvolts are possible (62), They were used in an 
unsuccessful attempt to construct a sensitive dynamometer 
by Chapman (11). This, however, does not eliminate their 
potential. 

The experience of the previous theses groups 
(8,9»10,11,12) should prove useful in any possible future 
attempts to incorporate sliprlngs in the design of a 
snail ship dynamometer, 

1^, Inductive coupling methods 

The nain distinction between telemetry and inductive, 
or magnetic, coupling as alternatives to sliprings is 
that in the former case the oscillator rotates , while in 
the latter case the carrier excitation source is statiomi*y. 
Several interesting examples of Inductive coupling are 
presented in reference (62). 

The magnetic -coupled torquemeter dencribed in reference 
(39) has been incorpoimtod into a device at DTH3 which they 
call a '^I-lagni -Torque'* pickup. DTMB has also developed a 
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*’Kagnl~Tlirust'’ pickup foi* measuring thrust in a rotating 
shaft without the use of sliprlngs. These devices, and 
their principles of operation, ai^ dlscussod in the 
transducer section of this paper. 
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